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Naudojami trumpiniai

ACS — HST pazangioji apzvalgy kamera (angl. Advanced Camera for Surveys)
CCD - spalvos-spalvos diagrama (angl. colour-colour diagram)

CMD - spalvos-ryskio diagrama (angl. colour-magnitude diagram)

FJ — fotometriné juosta

GMC — milziniski molekuliniai debesys (angl. Giant Molecular Clouds)
HST — Hubble kosminis teleskopas (angl. Hubble Space Telescope)

IMF — pradiné masés funkcija (angl. Initial Mass Function)

IR - FJ apimancios infraraudonaja spektro sritj, pvz. F110W ir F160W
ISM — Tarpzvaigzdiné terpé (angl. Interstellar Medium)

Myr, Gyr — atitinkamai milijonai ir milijardai mety

pc, kpc, Mpc — atitinkamai parsekai, kiloparsekai ir megaparsekai

PHAT - Daugiaspalvé Hubble Andromedos apZvalga (angl. Panchromatic
Hubble Andromeda Treasury)

PT - Pauksciy Takas

ULIRG - ypa¢ Sviesi infraraudonoji galaktika (angl. Ultraluminous Infrared
Galaxy)

UV - FJ apimancios ultravioletine spektro sritj, pvz. F275W ir F336W
WPFC3 — HST plataus lauko kamera 3 (angl. Wide Field Camera 3)



Ivadas

Motyvacija

Vykstant zvaigzdédarai, dalis susiformavusiy zvaigzdziy sudaro spiecius, todél
jiems yra budingas tam tikras amzius ir cheminé sudétis. Tyrimai rodo, kad
spieCiy masé bei strukturiniai parametrai priklauso nuo tuo metu galaktikoje
buvusiy aplinkos salygy (Goddard et al. 2010; Kruijssen 2012; Adamo et al.
2015; Hollyhead et al. 2016; Randriamanakoto et al. 2019; Krumholz et al.
2019), kurios priklauso nuo saveikos su kitomis galaktikomis, Zvaigzdédaros
intensyvumo ar kity galaktikose vykstanciy procesy, pavyzdziui aktyviy ga-
laktikos branduoliy. Dél Sios priezasties, bei dél to, kad juos galima stebéti
daug didesniu atstumu nei pavienes zvaigzdes, spie¢iai yra esminiai objektai
leidziantys tirti galaktiky evoliucija ir jose vykstancius procesus.

Sio darbo tikslas yra iStirti zvaigzdziy spieciy savybes jvairiose galaktinése
aplinkose, kurioms budinga skirtinga zvaigzdédaros istorija bei tarpzvaigzdiné
aplinka. Tyrimams naudojome auksciausios kokybés Hubble kosminio telesko-
po (HST) stebéjimu duomenis, kurie Vietinés Grupés galaktikose leidzia tirti
net maziausios mases spiecius. Spie¢iy parametrai (amzius, mase, ekstinkcija ir
metalingumas) yra nustatomi naudojantis pavieniy zvaigzdZiy arba integruota
viso spieCiaus fotometrija.

Siame darbe tiriami netaisyklingos nykstukines galaktikos Leo A bei spira-
linés Andromedos galaktikos (M31) spieciai. Leo A galaktika yra mazos maseés,
turi daug duju ir yra izoliuota nuo tarpgalaktiniy saveiky, todél joje vyksta
mazo intensyvumo zvaigzdédara (Hunter et al. 2012). Taip pat jai budingas
ypac mazas metalingumas, kuriam esant vykstantys zvaigzdédaros procesai iki
siol néra gerai suprasti (Klessen 2019). Tuo tarpu M31 galaktika yra, kartu su
Pauksc¢iy Taku, dominuojanti Vietinés Grupés galaktika, kuri savo evoliucijos
istorijoje saveikavo ir prisijunge daug mazesniy galaktiky (Ferguson & Mackey
2016). Dél sios priezasties jai yra budinga sudétinga zvaigzdédaros istorija ir
erdviné struktura, kurig gali padéti paaiskinti spieciy tyrimai.

Atlikta HST Panchromatic Hubble Andromeda Treasury (PHAT, Dalcan-
ton et al. 2012) apZvalga apima nepertraukiama stebéjimy lauka M31 galak-
tikoje nuo tankiy centriniy iki rety iSoriniy sri¢iy. Stebéjimai atlikti SeSiose
fotometrinése juostose (FJ) nuo artimosios ultravioletinés iki artimosios infra-
raudonosios spektro dalies. Tai yra geriausi esami duomenys spieciy paramet-
ry (amzius, mase, ekstinkcija ir metalingumas) nustatymui. Tarp nustatomuy
spie¢iy parametry egzistuoja stiprus issigimimas (de Meulenaer et al. 2014):
senstant spieciui greiciau mirsta didesnés masés ir mélynesnés zvaigzdés, taip
pat susiformuoja raudonyjy milziniy seka, kas laikui bégant lemia raudones-
ne integruota spie¢iaus spalva; didéjant ekstinkcijai mélynesnés spektro dalies
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Sviesa yra sugeriama ir iSsklaidoma stipriau uz raudonesne, todél spiecius atro-
do raudonesnis; didéjant spieciaus zvaigzdziy metalingumui didesné dalis spekt-
riniy linijy santykinai sumazina zvaigzdziy Sviesj mélynojoje spektro dalyje ir
taip pat padaro Zvaigzdes raudonesnes. Panasus skirtingy parametry efektai
stebéjimams lemia, tai, kad reikia tiksliy ir plac¢ia spektrine sritj apimanciy
duomeny. Siekiant iSspresti parametry iSsigimimus yra nuolatos tobulinamos
parametry nustatymo metodikos (Fouesneau & Langon 2010; de Meulenaer
et al. 2013) bei teoriniai modeliai (Marigo et al. 2017), tuo tarpu musy dar-
bo tikslas yra pagerinti gautus spieciy tyrimy rezultatus, padidinant stebéjimy
matavimo patikimuma. Naudojantis integruota fotometrija j spieciy aperturas
gali pakliuti ryskios, spie¢iui nepriklausancios, lauko zvaigzdés, kurios iskraipo
tikrasias jy spalvas ir labai pablogina parametry nustatymo patikimuma. Nu-
statomi spieCiy parametrai, dél iSsigimimo, yra ypac jautrus spalvos pokyciams,
todél nusprendéme sukurti nauja matavimy metodika, kuri buity tinkama esant
ivairiems lauko zvaigzdziy tankiams.

Norédami istirti aplinkos jtaka spieciy formavimuisi, atlikome molekuliniy
debesy kolapso modeliavima. Kolapsuojant molekuliniams debesims, juose di-
déja tankis ir prasideda zvaigzdédara, taciau norint suformuoti spiecius, rei-
kia kad zvaigzdés po spieciaus gimimo likty tarpusavyje susietos gravitacijos.
Dél sios priezasties tyréme kolapso eigg ir po kolapso susidariusius zvaigzdziy
spieCius esant jvairiam aplinkos slégiui. Aukstas aplinkos slégis papildomai su-
spaudzia debesies dujas, todél gali potencialiai padidinti zvaigzdédaros sparta
ir efektyvuma (duju dalj pavirstanéia zvaigzdémis).

11



Darbo tikslas ir uzdaviniai

Tikslas — Istirti zvaigzdziy spieciy parametry priklausomybes nuo juy aplinkos

charakteristiky skirtingos morfologijos galaktikose.

UZdaviniai

1.

4.

Istirti spie¢iy savybes (amzius, mase, dydis ir fotometriniai parametrai)
netaisyklingoje nykstukingje galaktikoje Leo A.

. Sukurti zvaigzdziy spieciy, esanciy skirtingo tankio laukuose, aperturinés

fotometrijos metodika.

. Parengti nauja M31 galaktikos zvaigzdziy spieciy daugiaspalvés HST fo-

tometrijos kataloga ir nustatyti spiefiy parametrus (amzius, masé, dydis
ir tarpzvaigzdiné ekstinkcija).

Istirti zvaigzdziy spieciy aplinkos jtaka jy formavimuisi.

Svarbiausieji rezultatai ir ginamieji teiginiai

1.

Atrasti keturi nauji zZvaigzdziy spieciai labai nemetalingoje Leo A galak-
tikoje, kurioje kol kas néra aptikta molekulinio vandenilio debesy. Anks-
¢iau Sioje galaktikoje buvo zinomas tik vienas zvaigzdziy spiecius.

. Sukurta nauja zvaigzdziy spieciy aperturinés fotometrijos metodika tinka-

ma naudoti tankiuose zvaigzdziy laukuose kitose galaktikose. ISsprestos
dvi esminés problemos: interaktyviai nustatomas suderintas dangaus fono
lygis visose fotometrinése juostose; pasiulytu adaptyviy apertury metodu
efektyviai pasalinama besiprojektuojanciy lauko zvaigzdziy jtaka.

. Parengtas naujas M31 HST daugiaspalvés aperturinés zvaigzdziy spieciy

(1181 objektas) fotometrijos katalogas.

. Stochastiniy spiec¢iy modeliy bazéje nustatyti 929 M31 galaktikos zvaigz-

dziy spie¢iy parametrai: amzius, masé, dydis ir tarpzvaigzdiné ekstinkci-
ja.

. Istirta M31 galaktikos zvaigzdziy spieciy imtis rodo buvus ne maziau kaip

tris zvaigzdédaros zybsnius per pastaruosius 300 Myr.

. Skaitmeninio modeliavimo metodais parodyta, kad besiformuojanciy

spie¢iy savybeés labai priklauso nuo molekulinj debesj supancios aplin-
kos slégio, kuris nulemia zvaigzdédaros efektyvuma debesyje bei salygoja
galutinj zvaigzdziy spieciy gravitacinj susietuma.
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Asmeninis indélis

Autorius paruosé M31 HST PHAT apzvalgos stebéjimy duomenis matavimui ir
atliko visy tiriamy spieciy fotometrinius matavimus. Autorius sukuré matavi-
mui ir analizei skirtas programas bei automatizavo dalj interaktyviy fotometra-
vimo darby. Autorius sukuré zvaigzdziy spieciy stochastiniy modeliy bankg ir
patobulino tarpzvaigzdinés ekstinkcijos nustatymo metodika. Autorius atliko
besisukanciy molekuliniy debesy modeliavima zemo ir auksto slégio aplinko-
se. Kartu su bendraautoriais sukuré nauja aperturinés fotometrijos metodika,
skirtg matavimui tankiuose zZvaigzdziy laukuose, nustaté M31 zvaigzdziy spie-
¢iy parametrus ir interpretavo gautus rezultatus.
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1 skyrius
Ankstesniy tyrimy apzvalga

Issami spieciy tyrimy problematika yra aprasyta Krumholz et al. (2019) apzval-
goje. Nors spiecius galima nagrinéti kaip vienodo amziaus ir cheminés sudéties
zvaigzdziy sistemas, tac¢iau iki Siol yra islike nemazai klausimy dél jy forma-
vimosi ir evoliucijos galaktikose. Spieciy formavimosi atzvilgiu manoma, kad
ir maziausios maseés padrikieji spieciai, ir didziausios masés kamuoliniai spie-
Ciai formuojasi ty pac¢iy procesy metu (Elmegreen & Efremov 1997), taciau vis
dar néra gerai zinoma, kokia jtaka ju savybéms turi pacio debesies (McKee &
Ostriker 2007; Krumholz 2014) ir jo aplinkos (Kruijssen et al. 2011) salygos.
Iki siol atlikty spieciy tyrimy apimties ir tikslumo nepakanka aiskiai apibrézti
spiediy savybiy priklausomybes skirtingose galaktikose ir aplinkose (5, 6 ir 8
pav. pateikti Krumholz et al. 2019).

Daug neatsakyty klausimy yra ir kokie procesai dominuoja spieciy evoliu-
cijoje (Renaud 2018). Evoliucijos eigoje spiefiai mase praranda ir dél vidiniy,
ir dél iSoriniy veiksniy. Vidinius veiksnius apima zvaigzdziy evoliucija ir dél
sistemos relaksavimo iSmetamos pavienés zvaigzdés (pvz. Gieles et al. 2011).
Senstant Zvaigzdéms masyvios Zvaigzdeés (2 8 M) sprogsta kaip supernovos,
ir iSmeta didelj kiekj medziagos (pvz. Faucher-Giguere & Kaspi 2006), o ma-
zesnés masés zvaigzdés daugiausiai netenka medziagos asimptotinéje milziniy
sekoje (pvz. Kruijssen 2009). ISoriniai veiksniai, lemiantys spiec¢iy ardyma, yra
potvyninés saveikos su kitais galaktikos objektais, pvz. milziniskais moleku-
liniais debesimis (angl. Giant Molecular Cloud, GMC, Spitzer 1958; Gieles
et al. 2006; Binney & Tremaine 2008). Iki Siol konkuruoja dvi spie¢iy ardymo
teorijos, kuriose spieciy ardymas priklauso arba nepriklauso nuo juy masés. Ne-
priklausanc¢io nuo masés ardymo atveju spieciai turéty turéti panasius tankio
profilius, nepriklausan¢ius nuo ju masés (pvz. Fall et al. 2009), tokiu atveju
ir mazesnés, ir didesnés masés spieciai bus iSardomi per panasy laiko tarpa.
Tuo tarpu, jei didéjant spiec¢iaus masei jo koncentracija ir tankis didéja grei-
diau (p x M®, ¢ia o < 1), tuomet mazesnés masés spieciai turi buti iSardomi
grei¢iau (Lamers et al. 2005).

Masyviy kamuoliniy spiec¢iy formavimuisi reikalingos ekstremalios Zvaigz-
dédaros salygos, esancios galaktiky saveikos arba jungimosi metu (Krumholz
et al. 2019). Galaktiky saveikos ankstyvoje Visatoje buvo daug daznesnés,
todél kamuoliniy spieCiy tyrimai atskleidzia stipriy iSoriniy veiksniy sukeltus,
ankstyvoje galaktikos evoliucijoje vykusius, zvaigzdédaros epizodus. Tuo tarpu
padrikieji spieciai, kurie paprastai yra ne tokie koncentruoti ir mazesniy masiy,
geriausiai atspindi per paskutinius kelis sSimtus milijony mety vykusios zvaigz-
dédaros istorija, nes didelé dalis senesniy spiec¢iy yra paveikta ardymo procesy.
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Padrikieji spieciai formuojasi galaktikos diske esanc¢iuose GMC kompleksuose,
is kuriy issivadavusi didelé juy dalis netrukus iSyra ir tampa gravitaciskai ne-
susietomis zvaigzdziy grupeémis (Lada & Lada 2003; Krumholz et al. 2019).
Dujy pasalinimg iS sistemos atlaike spieciai galaktikos diske gali iSgyventi ke-
lis Simtus ar net daugiau milijony mety. Pastaruoju metu vis daugiau tyrimuy
rodo, kad susiformavusiy spieciy skaicius netiesiskai priklauso nuo galaktikoje
vykstancios zvaigzdédaros spartos (pvz. Johnson et al. 2016; Randriamanakoto
et al. 2019). Tai gali lemti faktas, kad augant zvaigzdédaros spartai vis didesné
duju dalis pavirsta zZvaigzdémis, todél pasalinama santykinai mazesné masés
dalis ir mazéja tikimybé spieciui iSsiardyti. Dél Sios priezasties spieciy tyrimai
yra perspektyvus siekiant atkurti ju formavimosi metu galaktikoje buvusias
zvaigzdédaros salygas.

Didziausia kliutis tiriant spie¢iy formavimosi ir evoliucijos désningumus yra
stebéjimy ir matavimo sudétingumas bei maza tiriamy spieciy imtis, kuri daznai
apima tik didelés masés (> 10* M, 5 pav. Krumholz et al. 2019) spie¢ius. Dél
Sios priezasties tolesni spieciy tyrimai reikalauja tikslesniy, geriau adaptuoty
tyrimy metody ir spieciy imties apimancios kuo mazesnes mases. Naudojant
dabartines technologijas, maziausios masés spiecius galime detaliai tyrinéti tik
santykinai nedideléje Vietinés Grupés erdveéje (S 1 Mpe). Viena labiausiai
detaliems spieciy tyrimams tinkamy aplinky yra M31 galaktika, kurioje galime
isskirti pavienes zvaigzdes, o tuo paciu aptikti ir maziausios masés spiecius.
Toliau trumpai apzvelgiami spieciy parametry nustatymo metodai bei atlikti
M31 galaktikos spieciy tyrimai.

Spieciy parametrai nustatomi dviem pagrindiniais metodais — spektroskopi-
niais arba fotometriniais. Spektroskopinis metodas paremtas spieciaus spektro
lyginimu su modeliais arba zinomy objekty spektrais. Dazniausiai yra lyginami
spektriniy liniju rodikliai (Vazdekis et al. 2010), kurie sudaryti is kombinuoty
ivairiy spektriniy linijy ekvivalentiniy ploc¢iy. Parinkti spektriniy linijy rodik-
liai yra jautrts Zvaigzdziy populiacijos amZiaus ir metalingumo pokyéiams. Sio
metodo privalumas yra tai, kad tiesiogiai lyginamos daugiausiai informacijos
apie objekto savybes turinc¢ios spektro sritys. Spektroskopiniams stebéjimams
reikalingi santykinai didelio Sviesio objektai, kuriems turi buti gaunami didelio
signalo-triuksmo santykio stebéjimai. Spektriniai stebéjimai daznai atliekami
su fiksuoto dydzio apertiromis visiems stebimiems objektams, todél j jas ga-
li pakliuti skirtingas kiekis fono objektiy. Si problema labai aktuali tankiuose
zvaigzdziy laukuose.

Naudojant placiajuoste fotometrija yra prarandama individualiy spektri-
niy linijy teikiama informacija, tac¢iau yra surenkama daugiau stebimy objekty
Sviesos, todél Siuo metodu galima tirti mazesnio Sviesio arba toliau esancius
objektus (Fouesneau & Langon 2010). Gautos objekty nuotraukos taip pat yra
naudojamos spieciy identifikavimui bei strukturinei analizei. Norint $iuo me-
todu nustatyti spieciy parametrus reikalingi stebéjimai apimantys UV spektro

16



sritj, be kuriy nepavykty iSspresti parametry iSsigimimo, bei tikslus spiec¢iy mo-
deliai (platesnis parametry iSsigimimo ir spie¢iy modeliy aprasymas pateiktas
4 skyriuje).

Ilga laika didzioji dalis M31 galaktikoje tiriamy spieciy buvo tik kamuoliniai
(Harris & Racine 1979; Barmby et al. 2000; Beasley et al. 2004; Puzia et al.
2005), nes jie yra santykinai ryskus, stipriai koncentruoti j centra ir daugiausiai
pasiskirste galaktikos hale, toliau nuo tankaus disko, todél juos galima lengviau
atskirti nuo kity objekty. Didelis jy sviesis leidzia pasinaudoti spektrometrija
amziaus ir cheminés sudéties nustatymui. Beasley et al. (2004) ir Puzia et al.
(2005) parodé, kad M31 galaktikoje yra ne tik seno (~ 10 Gyr), bet ir viduti-
nio (~ 7 Gyr) bei jauno (~ 1 Gyr) amziaus didelés masés ir stipriai i centra
koncentruoti spieciai, kurie panasus i PT kamuolinius spiec¢ius. Jy metalingu-
mai M31 galaktikoje siekia nuo [Z/H]= —2,0 (100 karty maZesnio uz Saulés
metalinguma) iki Saulés metalingumo, i$ kuriy didZiausio metalingumo yra
jauniausi kamuoliniai spiec¢iai. Tuo tarpu PT aptinkami tik senesni nei 8 Gyr
amziaus kamuoliniai spie¢iai, o tai gali atspindéti skirtingas abieju galaktiky
zvaigzdédaros istorijas.

Atrasty masyviy jauny spie¢iy tyrimas M31 galaktikoje kélé daug keblumy,
todél Cohen et al. (2005) naudodamiesi naujais duomenimis gautais 10 m Keck
teleskopu, teigé, kad atrasti jauni kamuoliniai spieciai yra tik asterizmai. Cald-
well et al. (2009, 2011) atliko daugiau nei 400 spieciy spektroskopinius tyrimus
ir rémeési ju nuotraukomis padarytomis HST bei antzeminiais teleskopais. Nau-
dodamiesi aukstos skyros HST ACS stebéjimy duomenimis jie patvirtino, kad
M31 galaktikoje yra jauny (< 2 Gyr) ir masyviy (> 105 M) spieéiy, kuriy ma-
sé siekia kamuoliniy spieciy mases. Jie taip pat nustaté, kad kitaip nei PT, M31
galaktikoje kamuoliniams spie¢iams néra budingas metalingumo bimodalumas
(Brodie & Strader 2006).

Krienke & Hodge (2007, 2008) ir Hodge et al. (2009) atliko jauny spieciy
paieska jvairiose M31 galaktikos vietose esanciuose HST laukeliuose. Is gauty
spieciy zvaigzdziy CMD buvo jvertinti jy amziai, o i$ integruotos fotometrijos
— masé. Tarp tiriamy spieciy jauniausi buvo vos keliy milijony mety amziaus,
o maseé sieké vos kelis Simtus Saulés masiy. Santykinai mazoje galaktikos da-
lyje jiems pavyko aptikti daugiau nei 500 spieciy ir jvertinti, kad visoje M31
galaktikoje turéty biiti daugiau nei 10 spie¢iy. Taciau pavieniy laukeliy, is-
sibarsc¢iusiy po galaktika, tyrimai lémé, kad buvo sunku daryti iSvadas apie
spieciy evoliucijg ar radialinj pasiskirstyma galaktikoje.

Johnson et al. (2016, 2017) naudodamiesi PHAT duomenimis (Dalcanton
et al. 2012) atliko jauny spieiy tyrimus ir ju parametrus nustaté pasitelkda-
mi zvaigzdziy CMD. Jy tiriamy objekty imtj sudaro daugiau nei 1200 spieciy,
esanciy siaurés rytinéje galaktikos dalyje. Didziausias tiriamy spiec¢iy amzius
buvo apribotas iki 300 Myr dél pilnumo efekty neleidzianciy iSskirti senesniy
zvaigzdziy populiacijy postukio tasko. Jy tiriamy spieciy erdvinis pasiskirsty-
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mas sieké nuo galaktikos centro iki disko krasto, todél galéjo jvertinti spieciy
savybiy skirtumus skirtingas zvaigzdédaros spartas bei lauko zvaigzdziy tankius
turindiose srityse. Jie nustaté, kad spieciy formavimosi efektyvumas (Zvaigz-
dziu dalis susiformuojanti spiec¢iuose) kinta nuo 4%, toliau nuo galaktikos centro
ir mazesnes pavirsinés zvaigzdédaros spartas turincéiose srityse, iki 8%, arciau
centro bei aktyvios zvaigzdédaros vijy srityse. Tuo tarpu M31 galaktikai gau-
tas spieciy masés pasiskirstymas atitinka Schechter funkcijg su charakteringa
mase 8,5 x 102 M.

Pietvakarinés galaktikos dalies spieCiy tyrimus atliko Vansevicius et al.
(2009). Naudodami Subaru teleskopo stebéjimus jie iStyré 238 spiecius, esan-
¢ius ~ 4 kartus mazesniame plote nei PHAT apzvalga. Jie gavo didesne Schech-
ter funkcijos charakteringg mase 2 x 10° M, spie¢iams, kuriy amzius mazesnis
nei 3 Gyr. Skirtuma tarp abiejy tyrimy galima paaiskinti tuo, kad buvo tiriami
skirtingy amziy spieciai, todél pries kelis milijardus mety zvaigzdédaros spar-
ta, o tuo paciu ir besiformuojanciy spieciy masé M31 galaktikoje galéjo buti
didesné.
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2 skyrius

Nykstukineés galaktikos Leo A Zvaigzdziy

spieciai

Leo A yra Vietinés Grupeés nykstukiné galaktika, esanti 800 kpc (m — M =
24,51 mag) atstumu nuo Pauksciy Tako (PT) (Dolphin et al. 2002, viena kam-
piné minuté Leo A galaktikos atstumu atitinka apie 230 pc). Joje yra aptikta
senesné nei 10 Gyr amziaus zvaigzdziy populiacija (Dolphin et al. 2002), taciau
didZiaja dalj regimosios medziagos mases iki Siol sudaro dujos (Hunter et al.
2012). Tokj maza zvaigzdédaros tempa, tikriausiai, galima paaiskinti tuo, kad
galaktikai yra budingas ypa¢ mazas metalingumas, dél kurio neefektyviai for-
muojasi molekuliniai debesys (Dobbs et al. 2014), ir tuo, kad ji yra izoliuota nuo
kity galaktiky. Leo A galaktikos metalingumas siekia vos < [Fe/H] >= —1,67
(apie 2% Saulés metalingumo, van Zee et al. 2006; Kirby et al. 2017), todél joje
turéty buti mazas tarpzvaigzdiniy dulkiy kiekis, kuris reikalingas efektyviam
molekulinio vandenilio debesy formavimuisi. Galaktikos izoliacija reiskia, kad
ji nesaveikauja su kitomis galaktikomis ir potvyniné saveika negali joje paska-
tinti zvaigzdédaros. Pagal vyraujancia Saltosios tamsiosios medziagos teorija,
analogiskos nykstukinés galaktikos buvo maziausi dariniai Visatos pradzioje.
Jiems besijungiant formavosi didziosios galaktikos, tokios kaip PT ir Andro-
medos galaktika. Tuo tarpu, iki siol Leo A galaktikoje vykstancia zvaigzdédara
rodo jonizuoto vandenilio (HII) sri¢iy buvimas, kurias sukuria jauny masyviy
zvaigzdziy jonizuojanti spinduliuoteé.

Maza Leo A galaktikos masé, metalingumas ir Zvaigzdédaros sparta, bet
didelis dujy kiekis leidzia geriau apriboti teorinius modelius bei Zvaigzdédaros
procesy priklausomybe nuo aplinkos. Nuo galaktikoje vyraujanciy salygy gali
priklausyti susiformavusiy spiec¢iy masiy funkcija ir strukturiniai parametrai.
Zvaigzdziy spiefiai gerai atspindi praeityje vykusia zvaigzdédarg, taciau del
mazos zvaigzdédaros spartos nykstukinése galaktikose susiformuoja mazas ju
skaicius. Norint atlikti detalesnius spieciy formavimosi ir evoliucijos tyrimus,
tokio tipo galaktikose, reikalinga didelé jy imtis, kurig galima pasiekti apjun-
giant keliy atskiry nykstukiniy galaktiky spieciy katalogus (Cook et al. 2019).
Iki siol Leo A galaktikoje buvo atrastas tik vienas spiefius (Stonkuté et al.
2015). Naudodamiesi Hubble Kosminio Teleskopo (angl. Hubble Space Teles-
cope, HST) stebéjimais mes atlikome detalia spie¢iy paieska Leo A galaktikoje
bei nustatéme pagrindinius atrasty objekty parametrus.
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2.1 pav. Leo A galaktikos Subaru Suprime-Cam kameros B, V ir I fo-
tometriniy juosty nuotrauka (Stonkuté et al. 2014). Raudona elipsé (asiy
santykis b/a = 0,6, pozicinis kampas PA = 114°) Zymi Holmbergo spindu-
li (kur pavirsiaus $viesis B FJ pasiekia 26.5mag/arcsec?), kurio didysis pu-
sasis lygus a = 3,5" (~ 800 pc, Mateo 1998). Elipsés centro koordinatés:
a = 9"59™24% § = +30°44’47" (J2000, Vansevicius et al. 2004). Mélynas
kvadratas atitinka HST ACS stebéjimy lauka (Cole et al. 2007). Zali apskriti-
mai rodo atrasty spie¢iy vietas bei numerius. Siaurés kryptis nukreipta j virsy,
o ryty i kaire.
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2.1 Spieciy paieska

Spieciy paieska ir tyrimai buvo atlikti naudojantis LCID (angl. Local Cosmo-
logy from Isolated Dwarfs) projekto metu gautomis HST Advanced Camera for
Survey (ACS) kameros nuotraukomis (Cole et al. 2007), kuriose vieno pikse-
lio krastinés dydis atitinka 0,05”. Stebéjimai FAT5W ir F'814W fotometrinése
juostose (FJ) paimti i§ Mikulski Archive for Space Telescope (MAST)!. Pradi-
nio automatinio apdorojimo metu nuotraukoms buvo pasalintas bias signalas,
atlikta tolygaus lauko korekcija bei jskaitytas kruvio pernasos efektyvumas
(angl. charge transfer efficiency). Leo A galaktikos dalis apimama HST ACS
stebéjimy pazymeéta Subaru Suprime-Cam nuotraukoje (2.1 pav.) mélynu ke-
turkampiu.

Zvaigzdziy fotometrija buvo atlikta naudojant DOLPHOT 2,0 paketa
(Dolphin 2000), kuris atlieka zZvaigzdziy paieska ir fotometrija, paremty tasko
isplitimo funkcijos (angl. point spread function, PSF) matavimu. Zvaigzdziy
PSF buvo gauta atrinkus etalonines zZvaigzdes, esancias izoliuotose nuotraukos
vietose, kur jy Sviesos pasiskirstymo neturéty paveikti jokie Salutiniai objektai.
Siekdami isvalyti aptikty objekty kataloga nuo jvairiy foniniy objekty ir palikti
tik Leo A galaktikai priklausancias zvaigzdes, pritaikéme jvairius atrinkimo kri-
terijus. IS pradziy buvo atmesti visi objektai, kuriy signalo-triukSmo santykis
mazesnis nei 5,0, tai lémé 189 947 objekty kataloga, kuris vis dar buvo stipriai
atrenkant ir iSmetant objektus esancius ant aiskiai isskiriamy foniniy galaktiky,
ryskiy Pauksciy Tako zvaigzdziy, nuotraukos defekty ar arti nuotraukos kras-
ty, kur defekty skaicius yra didesnis. Taip pat objektai buvo atrinkti ir pagal
ju sharpness parametra, kuris rodo, kaip gerai matuojamas objektas atitinka
PSF ir ar yra siauresnis ar platesnis. Siuo atveju netaskiniai objektai (pvz. ga-
laktikos) ar keliy Zvaigzdziu projekcijos turés platesnj profilj ir turés neigiamas
sharpness vertes, o dél kosminiy spinduliy atsirade defektai — siauresnj ir turés
teigimas vertes. Pagal DOLPHOT programos aprasa, gerai PSF atitinkancios
zvaigzdés turéty turéti —0,3 < sharpness < 0,3. Norédami atrinkti tik gerai
iSmatuotas zZvaigzdés, abiejose FJ atmetéme objektus kuriy sharpness para-
metras yra didesnis uz 0,2 arba mazesnis uz —0,2. Po Siy atmetimy zvaigzdziy
kataloge liko 151 146 objektai.

Galutiniame kataloge buvo atrinktos zvaigzdeés, kuriy ryskis F814W <
28 mag, o spalva FAT5W — F814W < 2,0 mag, tokiu budu atmetant neryskius
(turincius didelj neapibréztuma) arba priklausanéius Paukséiy Takui objektus.
Likusiy 98 525 zvaigzdziy koordinatés buvo panaudotos spie¢iy paieskai pagal
ju sutankéjimus. Spieciai buvo ieskomi aplink kiekvieng zvaigzde apibréziant
0,5” dydzio apskritimus ir ieSkant didZiausio ju persiklojimo tasky (2.2 pav.
pirmas stulpelis). Ieskant Zvaigzdziy sutankéjimuy ir siekiant didesnio kont-

Ihttp://archive.stsci.edu
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2.2 pav. Zvalgzqu sutankéjimy pavyzdmal Cl C3ir C4 spie¢iams. Pirma-
me stulpelyje parodyti sutankéjimai, gauti zvalgzdes pakeitus j 0,5” spindulio
skritulius. Antrame stulpelyje parodytas foninis zvaigzdziy tankis, suskaiciuo-
tas nuo 1” iki 2” (7zali apskritimai). Treéiasis stulpelis atitinka pirmajj, taciau
yra atimtas foniniy zvaigzdziy tankis. Sp.x rodo didziausia zvaigzdziy tankj
spieciaus aperturoje (raudoni apskritimai). Ketvirtame stulpelyje parodytos
spieciy ir juy aplinkos nuotraukos.

2.3 pav. Atrasti spie¢iy kandidatai pazymeéti HST ACS nuotraukos fragmente,
apimanciame centrine Leo A dalj. Spiecius Zyminc¢iy zaliy apskritimy spindulys
lygus 2. Nuotrauka sudaryta i§ FA7T5W, (FATSW + F814W)/2 ir F814W FJ
kombinacijos. Siauré nukreipta j virsy, rytai i kaire.
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rasto gautas fono zvaigzdziy tankis (2.2 pav. antras stulpelis), apskai¢iuojant
pikseliy veréiy mediang ziede nuo 1”7 iki 2" aplink Zvaigzde. Atémus gauta
fono lygj (2.2 pav. trecias stulpelis), tolesnei analizei naudoti tik sutankéjimai,
kuriy tankis 5 ar daugiau karty didesnis uz juos supantj fona. Po Sio atrinki-
mo liko 76 potencialus zvaigzdziy spieCiai. Atlikus iy sutankéjimu vizualing
analize galiausiai buvo palikti 5 spie¢iy kandidatai, kuriy vietos HST ACS nuo-
traukoje parodytos 2.3 pav. FAT5W + (FA7T5W + F814W) /2 4+ F814W spalvy
kombinacijoje, zali apskritimai yra 2" dydzio. Spieciy vietos galaktikoje pazy-
meétos 2.1 paveikslélyje zaliais apskritimais. Tikimybé, kad Sie atrinkti spieciai
yra tik nepriklausomy zvaigzdziy superpozicija turéty buti maza, dél bendrai
mazo zvaigzdziy tankio galaktikoje, kurios yra gerai isskirtos naudojamuose
stebéjimuose, bei i mus orientuoto galaktikos disko, todél zvaigzdés esancios
skirtingose galaktikos dalyse nepersikloja.

2.2 Spieciy parametry nustatymas ir diskusija

Aptikti spieciai néra simetriski, todél juy centrai buvo nustatyti pagal maksimu-
ma zvaigzdziy tankio zemélapyje. Kiekvienam spieciui buvo atlikta aperturiné
fotometrija, gauta nuosekliai didinant aperturg iki 5" po 0,1” Zingsnj, tokiu bu-
du sudarant juy augimo kreives parodytas 2.5, 2.7 ir 2.8 paveiksléliuose. Spiecius
supantis fono lygis buvo nustatytas pagal juos supanciy fono pikseliy verciy
histogramos maksimuma. ISmatuotose augimo kreivése spie¢iaus riba buvo pa-
rinkta ties pirmaja suplokstéjimo dalimi (pvz. 2.5 pav. vertikali Zalia linija),
pagal kuria ir buvo gauti pilnutiniai spie¢iy ryskiai (horizontali Zalia linija).
Spieciy puses Sviesio spinduliai (R, raudona vertikali ties¢) gauti prie pilnu-
tinio ryskio pridéjus 0,75 ir radus susikirtimo taska su augimo kreive. Gauti
spieciy dydziai abiejose fotometrinése juostose skiriasi ne daugiau nei per 0,05”
t.y. puse matavimo zingsnio. Reikia pabrézti, kad spieciaus C2 puseés $viesio
spindulys buvo apskaic¢iuotas naudojantis augimo kreive sukonstruota is paten-
kanciy zvaigzdziuy skai¢iaus (2.6 pav.). Tai buvo padaryta todél, kad didziaja
dalj spiec¢iaus ryskio sudaro Sviesiausia centriné zvaigzdé, dél kurios buty gau-
tas nerealistiSkai mazas pusés $viesio spindulys (2.7 pav. raudona punktyriné
vertikali linija).

Integruoti spieciy ryskiai ir spalvos rodikliai gauti atlikus matavimus R
spindulio aperturose ir yra pateikti 2.1 lenteléje. ISmatuoty ryskiy tikslumas
priklauso nuo fono lygio nustatymo ir ryskiy nulpunkty tikslumy. Fono ly-
gio nustatymas taip pat turi jtakos ir gautiems strukturiniams spieciy para-
metrams, nes gali stipriai pakeisti augimo kreivés forma (7r. Hill & Zaritsky
2006). Siekiant jvertinti matavimy paklaidas mes nustatéme spieCius supantj
fono lygj ivairaus dydzio Zieduose nuo 1,5” iki 3,0”. Gauti rezultatai rodo ma-
7us ryskio pokycius (iki 0,05 mag) ir mazus pusés Sviesio spindulio poky¢ius
(AR, ~ +0,05").

Atrinkty spieiy Zvaigzdziy, patenkanciy j apertura (zali apskritimai 2.4
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F475W-F814W

2.4 pav. Atrasty spiediy kandidaty nuotraukos (virSuje) ir ju Zvaigzdziuy
spalvos-ryskio diagramos (apacioje). Pilnaviduriai apskritimai zZymi zvaigzdes
patekusias | spiefiaus apertura, o tuséiaviduriai — visas Zvaigzdes esandias 2,5”
atstumu nuo spieciaus. Nuotraukos sudarytos i§ F475W, (FAT5W + F814W) /2
ir F814W FJ kombinacijos, o krastinés dydis lygus 5”. Parodytos izochronos
atitinka Z = 0,0007 metalinguma ir 20 Myr (Zydra linija), 100 Myr (mélyna
linija) ir 500 Myr (raudona linija) amzius. Visoms parodytoms izochronoms bu-
vo jskaityta PT sukelta ekstinkcija A(F475W) = 0,068 ir A(F814W) = 0,032
(Schlafly & Finkbeiner 2011).
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2.5 pav. Spiefiaus C1 augimo kreives FA75W (virSuje) ir F814W (apacioje)
fotometrinése juostose. Zalia vertikali linija rodo spie¢iaus apertura, zalia ho-
rizontali — spieciaus ryskj. Raudona vertikali linija rodo spieciaus pusés Sviesio
spindulj, o raudona horizontali linija — spieciaus ryskj ties dvigubu puseés Sviesio
spinduliu.
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2.6 pav. Spieciaus C2 augimo kreivé sukonstruota is j apertura patenkanciy
zvaigzdziy skaiciaus. Zalia vertikali tiesé zymj spietiaus apertiira j kuria pateko
16 zvaigzdziy (juoda horizontali linija), raudona — pusés sviesio spindulj, gauta i
apertura patekus 8 zvaigzdéms (juoda punktyriné horizontali linija). Vertikali
raudona linija rodo pusés Sviesio spindulj, gauta iS spieiaus Sviesio augimo
kreives.

pav. virSuje), spalvos-ryskio diagramos atvaizduotos 2.4 pav. apadioje juo-
dais pilnaviduriais apskritimais, tuo tarpu Zvaigzdés esancios iki 2,5"” atstumu
atvaizduotos tuséiaviduriais apskritimais ir naudojamos jvertini galima lauko
zvaigzdziy jtaka. Spie¢iy amziams jvertinti naudojamos 1,2S versijos PARSEC
izochronos (Bressan et al. 2012) su Z = 0,0007 metalingumu. Toks metalin-
gumas buvo parinktas pagal Leo A galaktikai nustatytas metalingumo vertes
(van Zee et al. 2006; Ruiz-Escobedo et al. 2018). Izochrony pavyzdZiai pateikti
2.4 pav., kur zydra kreivé atitinka 20 Myr, mélyna — 100 Myr, o raudona — 500
Myr. Taip pat izochronoms buvo jskaityta PT ekstinkcija, kuri F475W FJ lygi
A(FAT5W) = 0,068 mag, o F814W FJ — A(F814W) = 0,032 mag (Schlafly
& Finkbeiner 2011). Spiefiy amziai nustatyti daugiausiai démesio kreipiant j
Sviesiausias (masyviausias) spie¢iui priklausancias zvaigzdes, kuriy matavimo
paklaidos yra nykstamai mazos, o visi rezultatai yra pateikti 2.1 lenteléje. Nu-
statyti amziai neturi stiprios priklausomybés nuo naudojamy izochrony meta-
lingumy, o jauniausiy spie¢iy C1 ir C2 aplinkoje yra stipri jonizuoto vandenilio
(HII) spinduliuoté (2.9 pav.), kuri patvirtina ju jauna amziy.

Spieciy masés jvertintos atrinkus juy pagrindinés sekos zvaigzdes pagal kri-
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2.7 pav. Kaip ir 2.5 pav. tik parodytos C2 (kairgje) ir C3 (deSinéje) spieciy au-
gimo kreivés. C2 spieciui pusés sviesio spindulys gautas naudojantis zvaigzdziy
skaic¢iaus augimo diagrama parodyta 2.6 paveikslélyje. Punktyriné vertikali
raudona linija zZymi i$ fotometrinés augimo kreivés gauta C2 spieciaus pusés
Sviesio spindulj.
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2.8 pav. Kaip ir 2.5 pav. tik parodytos C4 (kair¢je) ir C5 (desinéje) spieciy
augimo kreivés.
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2.9 pav. Subaru Suprime-Cam C1 ir C2 spieciy nuotraukos sudarytos is B, V
ir Ha fotometriniy juosty. Raudona spalva atitinka jonizuoto vandenilio spin-
duliuote. Zalias apskritimas rodo atrasty spie¢iy apertiros dydj. Nuotraukos
krastiné atitinka 30", Siauré nukreipta j virSy, rytai j kaire.

2.1 lentelé. Leo A spieciy parametrai.

D a(J2000) 0(J2000) R  Rn  FS14W CI  Amzius Masé
LeoA-C1  9:59:16.5 +30:44:59 1,50 0,55 1985  -0,11 ~20 > 400
LeoA-C2  9:59:17.2  +30:44:08 1,25 0,7% 2082  -024 ~20 > 150
LeoA-C3  9:59:17.9  +30:45:02 1,00 031 21,69  -0,15 >100 > 300
LeoA-C4  9:59:26.9 +30:44:15 0,95 0,37 21,68 0,02 >100 > 300
LeoA-C5  9:59:28.5 +30:44:50 0,90 0,34 21,78  -0,14 > 100 > 300

Pastabos. Lenteléje pateikti: spie¢iy pavadinimai (ID), ju pusiaujinés koordinatés
rektascencija («) ir deklinacija (4), matavimo aperturos spindulys (R) ir pusés $viesio
spindulys (Ry,), spie¢iy rySkis F814W fotometrinéje juostoje, FATSW — F814W spalvos
rodiklis (CT), spiefiy amziai ir masés.

terijus F814W < 26 ir FATSW — F814W < 0,5. Naudojantis izochronomis
galima jvertinti iSmatuotu ZvaigzdZziy mases ir suintegravus Kroupa (2002)
prading masés funkcija nuo 0,08 Mg iki 120 Mg buvo atkurta visa spieciaus
maseé. Visy aptikty spieciy masé nevirsija ~b00 M kas, tikétina, atspindi léta
zvaigzdédaros sparta galaktikoje.

Siekiant jvertinti zvaigzdziy susiformavusiy spieCiuose dalj, mes pasinaudo-
jome tame pac¢iame HST stebéjimy laukelyje gautos zvaigzdédaros spartos jver-
tinimais pateiktais Ceponis et al. (2018). Iskai¢ius tik du jauniausius spie¢ius
C1 ir C2 bei paskutiniy 30 Myr zvaigzdédara, gavome, kad apie 10% susida-
riusiy zvaigzdziy yra spieciuose. Tuo tarpu jskaicius visus penkis spiecius ir
paémus paskutiniy 200 Myr zvaigzdédara gavome, kad spieciuose liko tik apie
2% zvaigzdziy. Tai gali salygoti selekcijos efektai (dalis spie¢iy buvo neaptikta
deél naudoty kriteriju) arba spie¢iy ardymasis dél vidiniy ir iSoriniy veiksniy.
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2.3 Apibendrinimas

Sio tyrimo tikslas buvo aptikti ir istirti kompaktiskus zvaigzdziy spietius nyks-
tukinéje netaisyklingoje galaktikoje Leo A, kuriai budingas ypac¢ mazas metalin-
gumas (Kirby et al. 2017). Anksciau Sioje galaktikoje buvo atrastas tik vienas
spie¢ius (LeoA-C1 Stonkuté et al. 2015).

Spieciy paieska atlikome pasinaudoje HST/ACS duomeny Zvaigzdiniy ob-
jekty fotometrija FA75W ir F814W FJ. Stebéjimy duomenys apima centrine
Leo A dalj, kurioje iStyréme zvaigzdziy erdvinius sutankéjimus iki seniausiy po-
stukio tasko zvaigzdziy. Aptikome keturis naujus kompaktiskus mazos masés
spieciy kandidatus. SpieCiy amzius ir mases nustatéme remdamiesi ju zvaigz-
dziy CMD analize. Gauti rezultatai rodo, kad visi aptikti spieciai yra jauni
ir mazos masés (LeoA-C2: ~ 20 Myr ir 2 150 Mg; LeoA-C3-C5: > 100 Myr
ir 2 300Mg). Tokios maZos masés ir jauny spiefiy aptikimas maza Zvaigz-
dine mase ir ypa¢ maza metalinguma turincioje galaktikoje, gali pasitarnauti
pagrindziant zvaigzdédaros teorijas ankstyvoje Visatoje. Mazo metalingumo
galaktikoje, turi buti ir mazas tarpzvaigzdiniy dulkiy kiekis, todél molekuliniai
debesys turéty formuotis neefektyviai. Spieciy atradimas rodo, kad zZvaigzdéda-
ra turi vykti iki Siol Sioje galaktikoje dar neaptiktuose molekuliniuose debesyse.

Lyginant su iki Siol atliktais iSsamiausiais spieciy tyrimais nykstukinése ga-
laktikose LEGUS apzvalgoje (Cook et al. 2019), musy duomenys atitinka ma-
Ziausias spieciy maseés ir metalingumo ribas. Todél Leo A galaktikoje atrasti
spieciai praplecia LEGUS apzvalgoje tirty spieciy parametry erdve. Tikétina,
kad Leo A galaktikoje yra daugiau spieciy, taciau tolimesniems tyrimams rei-
kia platesnio lauko stebéjimy, kuriy skyra atitikty HST ACS ir WFC3 kamery
galimybes.
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3 skyrius
Andromedos galaktikos spieciai

Pastaruoju metu M31 galaktikos spie¢iy parametrai buvo nustatyti analizuo-
jant spieciy zvaigzdziy CMD diagramas (Johnson et al. 2016, 2017). Sio metodo
taikymui yra svarbu isskirti ir iSmatuoti zvaigzdes iki pakankamai mazo Sviesio,
kad buity pasiektas postkio tagkas. Sis apribojimas lémeé, kad autoriai galéjo
tirti tik spiecius, kuriy amzius jaunesnis nei 300 Myr. Tuo tarpu aperturine
fotometrija paremtas parametry nustatymo metodas tokio apribojimo neturi,
taciau didele jtaka gali turéti fono objektai. Atliekant aperturing fotometrija
yra iSmatuojamas integruotas spieciaus ryskis ir gautus matavimus galima ly-
ginti su teoriniais zZvaigzdziy spie¢iy modeliais. Dél Sios priezasties mes tesiame
de Meulenaer et al. (2017) tyrimus siekdami pagerinti stebéjimo duomeny ma-
tavimo kokybe. Naudodamiesi PHAT (angl. Panchromatic Hubble Andromeda
Treasury) apzvalgos duomenimis atlikome nauja spie¢iy integraline fotometrija
siekdami sumazinti foniniy zvaigzdziy jtaka matavimams. Tai ypa¢ svarbu di-
delj plota apimancioms apzvalgoms, j kurias patenka galaktiky sritys su labai
kintanciu lauko zvaigzdziy tankiu.

3.1 PHAT apzvalga

Andromedos galaktikos spieciy tyrimams naudojame HST PHAT apzvalgos
duomenis (Dalcanton et al. 2012). PHAT apZvalga apima stebéjimus nuo tan-
kaus centrinio telkinio iki rety iSoriniy Siaurés rytiniy disko daliy (3.1 pav.
juodi konturai). Visa apzvalga padalinta i vienas Salia kito iSdéstytus 23 sta-
¢iakampius blokus, kurie sunumeruoti didéjancia tvarka einant nuo galaktikos
centro j iSore. Blokas sudarytas is 18 HST stebéjimo laukeliy, kurie iSdéstyti
3 x 6 tinkleliu. Kiekvienas laukelis apima apie 2’ x 2’ dydzio plotg ir turi ste-
béjimus SeSiose fotometrinése juostose (FJ). Visi stebéjimai atlikti trimis HST
kameromis: WFC3/UVIS kamera stebétos F275W ir F336W, ACS/WFC —
FA7T5W ir F814W, 0 WFC3/IR — F110W ir F160W. FJ pavadinimai apytiks-
liai atitinka ju efektinius bangos ilgius: F275W — 2715 nm, F336W - 336,1
nm, FA75W — 476,3 nm, F814W — 808,7 nm, F110W - 1,14 pym, o F160W
— 1,54 pm. Toliau tekste F275W ir F336W FJ bendrai vadinamos UV FJ,
F475W ir F814W — regimosios srities FJ, o F110W ir F160W — IR FJ.

3.2 Spieciy imtis
PHAT apzvalgai jau yra atlikta detali spiec¢iy paieska ir publikuotas 2753 spie-
¢iy katalogas su integruota fotometrija (Johnson et al. 2015). Dél didelio ap-

zvalgos lauko spieciai buvo aptikti remiantis savanoriy klasifikacija, kurie juos
atskyré nuo galaktiky ir kity foniniy objekty. Tai leido objektus suklasifikuoti
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ir atrinkti labiausiai tikétinus atvejus, taciau ne visi atrinkti spieciai yra tin-
kami aperturinei fotometrijai. Dél Sios priezasties de Meulenaer et al. (2017)
atliko papildoma Johnson et al. (2015) spieciy katalogo analize ir atmeté }
spieCius nepanasius objektus, bei spiecius, kuriy fotometrija buty sugadinta,
dél salia esanciy ryskiy lauko zvaigzdziy. Galutiniame juy kataloge liko 1363 ty-
rimui tinkami spieciai. Mes papildomai atmetéme 4 arciausiai galaktikos centro
esanc¢ius PHAT apzvalgos blokus, kuriy numeriai yra 1, 3, 5 ir 7 (Dalcanton
et al. 2012), nes dél labai didelio lauko Zvaigzdziy tankio juose yra sudétinga

atlikti patikimus matavimus.

Spieciy analizés metu buvo pastebéti keli papildomi fotometrijai netinkantys
spieciai: spie¢ius ID4132 turéjo daug defekty (tuséiy pikseliu) FA7T5W fotomet-
rinéje juostoje, kuri atlieka pagrindinj vaidmenj spie¢iaus ryskio nustatyme, tuo
tarpu spieciams 1D0147 ir ID3779 truksta WFC3 kameros duomeny. Papildo-
mai pasalinus Siuos tris spiecius, mums liko 1181 objektai, kuriy issidéstymas
Andromedos galaktikoje atvaizduotas 3.1 pav. ant Spitzer/MIPS 70 ym nuo-
traukos. Joje matomi infraraudonosios spinduliuoteés Saltiniai yra saltos dulkeés,
atitinkancios potencialias zvaigzdédaros sritis, kurios taip pat daznai yra Sa-
lia aktyviy zvaigzdédaros, o tuo paciu ir spie¢iy formavimosi, sriciy. Taip pat
reikéty atkreipti démesj, kad PHAT apzvalgos 22 bloko 8 laukelio F110W FJ
stebéjimai, tikétina, yra paveikti Zemés atmosferos 10830 A He I emisinés li-
nijos (Williams et al. 2014). [ §j laukelj pateko du spieciai (ID0461 ir ID0800),
todél atitinkamoje FJ jiems yra budingas didesnis nei paprastai triuksmo lygis,
tadiau jy matavimy nepasalinome.

3.3 PHAT apzvalgos duomenys

Matavimams naudojamos apzvalgos nuotraukos gautos is Hubble Legacy Ar-
chive! (HLA) duomeny bazés, kurioje pateikiamos jau standartinémis proce-
duromis apdorotos HST nuotraukos. Joms yra atliktos bias ir tamsinio sig-
nalo pasalinimas bei tolygaus lauko korekcija. Taip pat Siose nuotraukose jau
yra susumuotos visos pasikartojancios ekspozicijos. PHAT apzvalgoje skirtin-
gy FJ nuotraukos turi skirtinga pasikartojanciy ekspozicijy skaiciy: F275W ir
F336W turi po dvi ekspozicijas, FA475W — penkias, F814W — keturias, F'110W
— viena, o F160W — keturias. WFC3/UVIS ir ACS/WFC kamery nuotrau-
ky pikselio kampiniai dydziai yra lygus atitinkamai 0,04” ir 0,05”, tuo tarpu
WFC3/IR kameros pikselio kampinis dydis lygus 0,13", ta¢iau HLA nuotrauky
apdorojimo metu jis buvo sumazintas iki 0,09”.

Thttp://hla.stsci.edu
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3.1 pav. Visy 1181 tiriamy spieciy issidéstymas Andromedos galé_ktikojé, at-
vaizduotas ant Spitzer/MIPS 70 pm nuotraukos. Juodais konturais atvaizduoti
23 PHAT ap#valgos blokai. Siauré nukreipta j virsy, rytai — j kaire.
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1D0266, Rr=4.00", Rc=1.30"
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3.2 pav. Splecms ID0266 atvalzduotas naudOJantls nuotraukomls nesuves-

tomis j bendra koordinaciy sistema. Tarp skirtingy kamery (ACS/WFC,
WFC3/UVIS ir WFC3/IR) matomi sistematiniai objekty poslinkiai.

3.3.1 Koordinaciy suvedimas ir matavimo laukeliy parin-
kimas

IS archyvo gauty laukeliy koordinatés néra suvestos i bendra sistema, todél
tarpusavyje gali skirtis iki keliy kampiniy sekundziy ir néra tinkamos fotomet-
rijai. 3.2 pav. parodytas spiec¢ius ID0266 kuriam aiskiai matomi sistematiniai
objekty poslinkiai tarp skirtingy FJ (sutvarkyta spie¢iaus ID0266 nuotrauka
pateikta 3.3 paveikslélyje).

Skirtingose fotometrinése juostose gali dominuoti skirtingy objekty sviesa,
todél tarp nuotrauky, kuriose FJ efektiniai bangy ilgiai stipriai skiriasi, gali
kilti problemy sutapatinant objektus. Siekiant iSvengti sios problemos, buvo is
eilés sutapatinamos artimiausius efektinius bangos ilgius turinc¢ios nuotraukos.
Suvedimui naudojame drizzlepac pakete? esanéia tweakreg funkcijg. Pirmiau-
sia F475W FJ nuotraukos buvo suvestos j vieng koordinaciy sistema pasinau-
dojant Mikulski Archives for Space Telescopes® duomeny bazéje pateiktomis
F475W FJ astrometriskai sukalibruotomis, tac¢iau dél apdorojimo fotometrijai
netinkamomis, nuotraukomis. Tuomet pagal naujai suvestus F'475W laukelius
buvo suvesti F336W ir F'814W FJ laukeliai. Galiausiai pagal suvestus F'336W
laukelius buvo suvesti F275W laukeliai, o pagal suvestus F814W laukelius —
F110W ir F160W laukeliai.

Kiekviena kamera turi skirtingus matomo lauko dydzius, pavyzdziui
WFC3/IR lauko dydis apytiksliai apima 2,2’ x 2,0’, WFC3/UVIS - 2,7" x 2,7,
0 ACS/WFC - 3,4’ x 3,4'. Skirtingi matymo laukai lemia skirtinga gretimy ste-
béjimo lauky persiklojimo dydj. WFC3/IR atveju persiklojimas yra minimalus,

’https://drizzlepac.readthedocs.io

Shttps://archive.stsci.edu/prepds/phat/datalist.html
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3.3 pav. Spieciaus ID0266 nuotraukos suvestos j bendra koordinaciy sistema.

todél jei matuojami objektai patenka prie stebimo laukelio krasto ar ant nuo-
traukos defekty, gali tekti atmesti matavimus toje fotometrinéje juostoje. Tuo
tarpu ACS/WFC kameros nuotrauky atveju kiekviena stebimy laukeliy vieta
persikloja nuo dviejy iki keturiy nuotrauky, todél objektui, dazniausiai, galima
parinkti alternatyvy laukelj. Siuo tikslu kiekvienas spiecius buvo perziurétas ir
parinkta nuotrauka turinti maziausiai matomy defekty.

3.3.2 Defekty valymas

Nuotraukose yra islike jvairus defektai, kurie nebuvo pasalinti automatinio ap-
dorojimo metu. Dél mazo ekspozicijy skaiciaus F275W, F336W ir F110W
FJ automatiniai metodai negali patikimai iSvalyti defekty ir jie aiskiai matosi
analizuojant spieciy nuotraukas. Dazniausiai pasitaikantys defektai yra sukelti
kosminiy spinduliy arba tuséiy (neveikianciy) pikseliy.

Kosminiai spinduliai — didelés energijos dalelés, kurios pataikiusios j detek-
toriaus pikselius perduoda jiems dalj savo energijos ir imituoja iSorinj Sviesos
Saltinj. Sie defektai gali buti panasis i Zvaigzdinius objektus, todél jy auto-
matiniam iSvalymui lyginamos kelios pasikartojancios ekspozicijos. Dél mazo
pasikartojanciy ekspozicijuy skaiciaus F275W ir F336W fotometrinése juosto-
se liko daug automatiniais metodais neiSvalyty kosminiy spinduliy, kurie gali
stipriai sugadinti fotometrinius matavimus. Dél Sios priezasties buvo atlikta
kiekvieno spiec¢iaus perziura lyginant ju F275W, F336W ir FAT5W FJ nuo-
traukas, tokiu budu identifikuojant nezvaigzdinés kilmés defektus.

3.4 pav. kairéje parodytas vienas labiausiai kosminiy spinduliy paveiktas
spiecius ID0341. Jis pateko i tarpa tarp dvieju WFC3/UVIS kameros detek-
toriy, kur duomenys yra gauti tik iS vienos ekspozicijos, todél toje srityje yra
stipriai padidéjes kosminiy spinduliy skaic¢ius bei triuksmo lygis. Kosminiai
spinduliai spalvotoje F275W +F336W +F475W nuotraukoje matosi kaip zali
arba mélyni objektai, kurie neturi atitikmeny kitose FJ. Kiekvienas defektas
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3.4 pav. Spieciaus ID0341 nuotrauka F275W+F336W +FA7T5W fotometriniy
juosty kombinacijoje. Kairéje parodytos nevalytos F275W ir F336W nuotrau-
kos su dideliu skai¢iumi kosminiy spinduliy (ryskiy zaliy ir mélyny objekty), o
desinéje — po iSvalymo. Mélynas apskritimas zymi Ry apertura.

3.6 pav. Kaip ir 3.4 pav. tik parodytas spiecius ID0910 pries ir po valymo.




3 [ . i
1 i i 1 i i

3.8 pav. Kaip ir 3.4 pav. tik parodytos spieciaus ID0094 F110W FJ tusciy

(atvaizduoty juodai) pikseliy pakeitimas aplinkiniy verciy vidurkiu.
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esantis Johnson et al. (2015) apibréztoje spieciaus aperturoje R; buvo isvaly-
tas naudojantis PyRAF* pakete esancia imedit funkcija. Ji leidzia pazymeéti
tam tikra nuotraukos sritj ir pakeisti ja j statistiskai aplinkinj fona atitinkan-
¢ias pikseliy vertes. 3.4 pav. deSinéje parodytas tas pats spiecius po kosminiy
spinduliy iSvalymo, kuriame islikes tik padidéjes fono triukSmo lygis. Verta
atkreipti démesj j tai, kad kosminiai spinduliai gali persikloti su zZvaigzdémis,
tokiais atvejais juos pastebéti ir iSvalyti yra ypac¢ sunku, taciau tai turéty pa-
veikti tik nedidele dalj spieciy ir matytis iSmatuotose augimo kreivése. Daugiau
kosminiy spinduliy valymo pavyzdziy pateikta 3.5 — 3.7 paveiksléliuose.

Nuotraukose taip pat pasitaiko neaktyviy detektoriy pikseliy, kurie gali bu-
ti iSsidéste pavieniui arba apimti tam tikra nuotraukos sritj. Tokio tipo defekto
pavyzdys pateiktas 3.10 pav., kuriame IR nuotrauky apacioje matosi WFC3/IR
detektoriui budinga ,mirties zvaigzdés® sritis. Dél pasikartojanciy ekspozicijy
nebuvimo, $iy defekty skaicius yra didziausias F110W FJ. Siy pikseliy vertés
nuotraukose prilygintos 0, todél tokio tipo defektai iStaisyti priskiriant jiems
astuoniy supanciy aktyviy pikseliy verc¢iy vidurkj. Vidurkis skaic¢iuojamas tik
esant nemaziau nei keturiems ne nulines vertes turintiems pikseliams, kitu at-
veju spieciui, dél didelio defekty skaiCiaus, buvo atmesti tos FJ matavimai.
Tus¢iy pikseliy valymo pavyzdziai pateikti 3.8 ir 3.9 paveiksléliuose.

3.4 Centro koordinaciy ir apertury parinkimas

Pries pradedant spieciy fotometrija buvo pakoreguotos juy centry koordinates.
Pastebéjus, kad spie¢ius yra blogai sucentruotas, naujas centras buvo parink-
tas daugiausiai atsizvelgiant | jo zvaigzdziuy pasiskirstyma F'336W, FA7T5W ir
F814W FJ. Siose FJ aiskiausiai iSsiskiria spietiaus struktiira, nes jos néra taip
stipriai paveiktos lauko zvaigzdziy, todél leidzia aiskiau pamatyti zvaigzdziy
koncentracijos centra. Siam tikslui naudojama interaktyvi nuotrauky perziii-
ros programa DS9° (Joye & Mandel 2003). Greitesniam spieéiy tikrinimui buvo
sukurta automatiné nuotrauky jkélimo j DS9 programa, kuri parasyta Python
kalba ir naudoja SAMP sasaja (Taylor et al. 2012). Si programa atrenka rei-
kiamus apzvalgos laukelius, nubraizo norimus FJ spalvy rinkinius ir pazymj
spieCiaus vieta bei spieciaus aperturas, todél gerokai pagreitina interaktyvy
darba. Didziajai daliai spieciy buvo palikti artimi Johnson et al. (2015) pub-
likuoti centrai (skirtumy mediana lygi 0,1”). Siuo atveju isimtys yra didelés
spieciy asociacijos, kurioms centras daznai buvo perkeltas taip, kad apimty tik
didziausios zvaigzdziy koncentracijos dalj, kuri labiausiai tikétina, kad atitinka
gravitaciskai susieta jauna spieciy.

Perziuros metu kiekvienam spieciui taip pat buvo parinktos dvi naujos aper-
turos (zr. 3.10 pav.): Ry — skirta matuoti pilnutinj ryski F475W FJ ir apimanti

“http://www.stsci.edu/institute/software_hardware/pyraf
Shttp://ds9.si.edu/site/Home.html
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Fazsw o, 0os Meliar ok " F814W - | F160W :
3.10 pav. Spieciaus ID0094 nuotrauka visose Sesiose fotometrinése juostose
(apacioje) bei jvairiomis spalvy kombinacijomis (virSuje). FJ pavadinimai ir
kombinacijos pateiktos nuotrauky apatinéje kairéje dalyje. Mélynas apskriti-
mas rodo musy parinktg spieciaus aperturg (Rr) pilnutinio ryskio matavimui,
raudonas apskritimas rodo apertura (R¢) naudojama spie¢iaus spalvos nusta-
tymui, o zalias apskritimas zymi Johnson et al. (2015) kataloge publikuota spie-
Ciaus apertura (Ry). Kiekvienos nuotraukos krastiné yra 10” dydzio. Intarpas
virsuje desinéje rodo spieciaus vieta Andromedos galaktikoje. Tuscia juoda erd-
vé IR FJ yra nuotraukos defektas budingas WFC3 /IR detektoriui. Nuotraukos
nubraiZzytos naudojantis APLpy paketu (Robitaille & Bressert 2012).

kuo daugiau spieciaus Sviesos, bei Rg — skirta matuoti spiec¢iaus spalva ir pa-
rinkta taip, kad j ja pakliuty kuo maziau lauko zvaigzdziy, kurios gali iSkraipyti
objekto spalva. Pagrindinis kriterijus parenkant kiekvieng apertura yra tai, kad
ji nekirsty ryskiuy lauko objekty, kurie galéty stipriai paveikti spie¢iaus mata-
vimus. Atsirade spalvos pokyciai gali sukelti sudétingus spieciaus parametry
pakitimus, dél amziaus, metalingumo ir ekstinkcijos iSsigimimo (de Meulenaer
et al. 2014). Musy parinkti Rt apertury spinduliai siekia nuo ~ 1” maziems
ir kompaktiskiems spiec¢iams ir iki ~ 4” ar daugiau kamuoliniams spieciams
bei jaunoms zvaigzdziy asociacijoms. Ry aperturos didziajai daliai spieciy is-
liko panasaus arba Siek tiek mazesnio dydzio kaip Ry, buvo sumazintos tik
tiek, kad nekirsty ryskiy zvaigzdziy. Tuo tarpu R¢ apertiry spinduliai siekia
nuo 0,3” (6 pikseliai ACS/WFC detektoriuje) iki ~ 3" priklausomai nuo to,
kiek arti yra ryskios lauko zvaigzdeés iki spieciaus centro. Arciausiai galaktikos
centro esancius spiecius supa tankus lauko zvaigzdziy fonas, todél jiems daznai
reikia naudoti mazesnes spalvos aperturas nei spie¢iams esantiems galaktikos
pakrastyje.

3.10 pav. parodytos spieciaus ID0094 nuotraukos visose fotometrinése juos-
tose atskirai (apacioje) ir jvairiose ju kombinacijose (virSuje). Mélynas apskri-
timas rodo musy parinkta aperturg pilnutinio ryskio matavimui F475W FJ
(Rr), o raudona apertura skirta spalvos matavimui likusiose FJ (R¢), Zaliu
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3.1 lentelé. Fotometriniy juosty nuliniai punktai.

F275W F336W FAT5W  FS14W  FLIOW  F160W
22.67 2352 26,15 2552 26,06 24,70

Pastabos. Fotometriniy juosty nuliniai punktai naudojami
suvesti gautus instrumentinius ryskius j standartine sistema.

apskritimu pazymeéta Johnson et al. (2015) pateikta spiediaus apertura (Ry).
Spiecius ID0094 atvaizduotas F'336W +F475W +F814W FJ kombinacijoje yra
melsvos spalvos ir turi tanky zvaigzdziy branduolj. Tokj spie¢iy yra lengva
atskirti nuo aplinkiniame lauke dominuojanéiy raudony zvaigzdziy. Nors spie-
¢ius yra matomas visose FJ, tac¢iau IR FJ dominuoja kelios ryskios zvaigzdés,
kurios nustelbia viso spiec¢iaus branduolio $viesj. Tai gali buti spieciui priklau-
sancios didelés masés vélyvos evoliucinés stadijos zvaigzdés arba | spieCiaus
apertura besiprojektuojancios lauko zvaigzdés, priklausancios galaktikos disko
populiacijoms. Zvaigzdés priklausomybe spieciui galima jvertinti pagal ji su-
pantj fona uz spieciaus aperturos. Nors Sis spiecius yra pakankamai toli nuo
galaktikos centro (7r. intarpa 3.10 pav. virSuje deSingje), taciau arti galak-
tikos vijos, kurioje vyksta didzioji dalis zvaigzdédaros. Tai lemia, kad fonas
yra sudarytas ir i$ seny (raudony), ir i$ jauny (mélyny) Zvaigzdziy. Didziau-
sias problemas ID0094 spieciaus matavimams kelia IR ryski raudona zvaigzdé
esanti desiniau nuo spie¢iaus centro. Kadangi panasiy zvaigzdziy yra fono sri-
tyje, siekiant sumazinti lauko zvaigzdziy jtaka fotometrijai, atitinkamai buvo
parinktas spalvos aperturos dydis Rc. Tuo tarpu matuojant pilnutinj ryskj tik
F475W FJ & zvaigzde didelés jtakos neturi. Zemiau ir j kaire nuo spietiaus
centro esanti geltona zvaigzdeé (F336W+FAT5W+F814W FJ kombinacijoje)
neturi atitikmeny foninéje srityje, todél tikétina, kad priklauso spieciui.

Paciy spieciy ir juos supancio fono isvaizda gali stipriai skirtis tarp skirtingy
objekty, todél yra sudétinga nustatyti ar atskira zvaigzdé priklauso spieciui ar
fonui. Taciau daznu atveju naudojamo 10” x 10” dydzio lauko bei iSmatuoty
augimo kreiviy (zr. 3.12 pav.) uztenka jvertinti, kuriy zvaigzdziy reikéty vengti
parenkant Rt ir R¢ aperturas.

3.5 Aperturiné fotometrija

Naudodamiesi atnaujintomis spie¢iy koordinatémis ir apertury dydziais iSma-
tavome jy augimo kreives, kurios leidzia nustatyti spiec¢iy ryskius bei jy struk-
turinius parametrus. Augimo kreiviy matavimai atlikti du kartus didesniu
spinduliu nei Rj apertura, naudojant 0,01” Zingsnj. Spiefiams turintiems ma-
Zas aperturas maziausias matavimo spindulys buvo 5”. Srities, esancios uz
spieciaus aperturos, matavimai naudojami interaktyviam supancio fono lygio
nustatymui, tuo tarpu mazas zingsnis leidzia analizés metu lengvai parinkti
nauja aperturos dydj.

Nuotraukose objekty signalas pateiktas elektronais per sekunde, todél no-
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rint juos suvesti j standartine ryskiy sistema pasinaudojome HST kameroms
nustatytais nuliniais punktais. ACS kamerai Siuos dydzius gavome i§ ACS nu-
linio punkto skai¢iuotuvo®, tuo tarpu abiejy WFC3 kamery nuliniai punktai

paimti i§ STScI internetinés svetaineés”

. Naudojami nuliniai punktai pateik-
ti 3.1 lenteléje. Absoliutiniai ryskiai apskaic¢iuojami laikant, kad Andromedos
galaktikos atstumo modulis lygus m — M = 24,47 (McConnachie et al. 2005).

Didzioji dalis apertiirinés fotometrijos matavimy buvo automatizuota. Siam
tikslui sukurta programa atrenka reikiamus apzvalgos laukelius, parenka rei-
kiamo dydzio aperturas ir atlikus fotometrija visose 6 FJ iSveda spieciy au-
gimo kreives tinkamas tolesnei analizei. [vairus astrometriniai skai¢iavimai ir
its formato faily apdorojimai atliekami naudojantis AstroPy paketu (Astropy
Collaboration et al. 2013, 2018). Aperturiné fotometrija atlikta naudojantis
photutils® pakete esandia aperture photometry funkcija. Matuojant buvo pa-
rinktas exact matavimo metodas, kuris tiksliai jvertina j apertira patekusia
nuotraukos pikselio dalj. Tus¢iy pikseliy valymas vykdomas matavimy me-
tu, kai nuotrauka yra jkeliama j kompiuterio atmintj, tuo tarpu originaliose
nuotraukose yra iSsaugoti tik pasalinti kosminiai spinduliai. Programa taip
pat isveda fono srityje esanciy pikseliy verc¢iy sarasus, kurie véliau naudojami
statistiniam matavimo paklaidy jvertinimui.

Dalis spiec¢iy yra arti nuotrauky krasto arba prie tarpo tarp dviejy kame-
ros detektoriy, todél dalis matuojamo aperturos ploto gali neturéti duomeny.
Jei bent dalis matuojamo spieciaus aperturos patenka i sias tuscias sritis, tuo-
met matavimai toje FJ yra atmetami. Tuo tarpu, jei trukstami duomenys
yra uz spieciaus aperturos, bet patenka j fono matavimui skirta sritj, tuomet
trukstamos dalies plotas yra apskaic¢iuojamas atliekant papildomus matavimus,
kuriuose visi netusti pikseliai (kuriy vertés lygios ne 0) yra prilyginami 1. Pa-
kartojus matavimus tokiems duomenims gaunamas tikslus iSmatuoty pikseliy
skaiCius, o tuo paciu ir pavirsiaus plotas. Tai lemia, kad daliai spieciy fonas

yra matuojamas neapimant viso supancio lauko.

3.6 Fono lygio nustatymas

Spieciy supantj fong sudaro besiprojektuojancios Pauksciy Tako zvaigzdés, spie-
¢iui nepriklausancios Andromedos galaktikos disko zvaigzdés arba tolimos ga-
laktikos. PHAT apzvalgos nuotraukose zvaigzdés yra dalinai isskiriamos, todél
fonas yra sudarytas i$ neisskirty bei ryskiy isskirty zvaigzdziy. Tai lemia,
kad vertinant spieciy supantj fona reikia jskaityti viduting neisskirty zvaigz-
dziy Sviesg bei jvertinti iSskirty zvaigzdziy jtaka. Dél isskirty zvaigzdziy fonas
gali buti labai netolygus, todél tai stipriai apsunkina fono jvertinimag. Taip

Shttps://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints

"https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/
photometric-calibration

8https://doi.org/10.5281/zenodo . 596036
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pat isskiriamy zvaigzdziy Sviesa gali dominuoti fono srityje, taciau nepatekti j
matuojama spieciaus apertura ir stipriai pakelti fono lygj spieciaus aplinkoje.
Tokiu atveju fonas gali buti stipriai pervertinamas ir iskraipomos matuojamuy
spieciy spalvos.

Fono lygio nustatymo sudétingumas lemia, kad tai yra didziausias neapi-
bréztumy saltinis aperturinéje fotometrijoje. Egzistuoja nemazai pasiulymuy,
kaip tai galima atlikti naudojantis automatiniais statistiniais metodais (Barm-
by & Huchra 2001; Krienke & Hodge 2007; Johnson et al. 2012). Dazniausiai Sie
metodai spieciy supantj fong padalina j atskiras dalis ir atmeta tas, kurios turi
didZiausius statistinius nuokrypius. Toks fono daliy atmetimas yra reikalingas,
dél jau minéty ryskiy pavieniy lauko objekty, kurie dominuoja fono srityje, bet
neturi jtakos matuojamo objekto apimamai aperturai. Analizés metu paste-
béjome, kad dél sudétingo lauko objekty pasiskirstymo, automatiniai metodai
daznai nepatikimai jvertina fono lygius ir iskraipo gautas objekty spalvas. 3.10
pav. parodytose nuotraukose matosi, kad skirtingy spalvy zvaigzdés dominuoja
skirtingose FJ. Didzioji dalis galaktikos diske esanciy ryskiy objekty yra RGB
zvaigzdeés, kurios stipriausiai paveikia IR FJ ir apsunkina spiec¢iy parametry
nustatyma, nes sukelia efektus panasius j iSaugusio amziaus ir/ar ekstinkcijos.
Dél sios priezasties mes kiekvienam spieCiui nustatéme fono lygius individua-
liai, naudodamiesi interaktyviais metodais. Tokiam darbui reikia daug daugiau
laiko, taciau tai yra butina norint gauti tikslesnius spie¢iy matavimus ir pati-
kimiau nustatyti ju parametrus.

Spieciy fono lygiy nustatymui naudojame musy sukurta interaktyvia varto-
tojo sasaja (3.11 pav.). Si sasaja parasyta Python programine kalba ir paremta
matplotlib biblioteka. Ji leidzia interaktyviai keisti fono lygj ir stebéti augi-
mo kreivés pokycius. Virsutinis skydelis vartotojo sasajoje vaizduoja tiriamo
spieciaus augimo kreive, o apatinis — diferencialinj jos profilj. Interaktyvi sa-
saja leidzia paprastai pakeisti analizuojamg FJ, atlikti preliminarius pilnutinio
ryskio ir pusés Sviesio spindulio vertinimus ir viska iSsaugoti tekstiniame faile
tolesniam naudojimui. Diferencialinio profilio analizé leidZia jvertinti pavieniy
objekty jtakg ir jvertinti vidutinj spieciy supantj fono lygj. Didelis démesys bu-
vo skiriamas pasitaikan¢ioms pavienéms ryskioms zvaigzdéms. Ultravioletinése
juostose F275W ir F336W svarbu nejskaityti fone esanciy kosminiy spinduliy
sukelty defekty, kurie iS matuojamy apertiry yra isvalyti. Fono lygio nusta-
tymo metu taip pat svarbu matavimus lyginti su spie¢iy nuotraukomis, kurios
leidzia jvertinti spiec¢iaus zvaigzdziy ir lauko objekty pasiskirstyma erdvéje, to-
kiu budu nustatant sritis, geriausiai tinkancias fono lygio nustatymui.

Siekiant iSvengti klaidy nustatant fono lygius, jie yra patikrinami lyginant
spalvos rodikliy sudaryty i$ vairiy FJ radialinius profilius. Jei didéjant apertu-
rai atsiranda aisSkus sistematiniai spalvos poky¢iai, tuomet spieciai buvo perziu-
rimi dar karta. Siekiant jvertinti fono nustatymo patikimuma apie 300 spieciy
fono nustatymai buvo pakartoti kelis kartus. Gauti skirtumai rodo, kad didzia-
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3.11 pav. Interaktyvios spieciaus fono nustatymo programos vartotojo sasa-
jos pavyzdys. VirSutinis grafikas rodo spieciaus augimo kreive, o apatinis —
jos diferencialinj profilj. Naudojama fono verté gali buti interaktyviai keicia-
ma naudojantis apatiniu slankikliu. Analizés metu galima keisti vaizduojama
fotometrine juosta, rodoma kreivés sriti. Papildomos sasajos funkcijos leidzia
nustatyti spieciaus pilnutinj ryskj ir jo pusés sviesio spindulj, o pabaigus dar-
ba eksportuoti visus nustatytus parametrus j tekstinj faila. Vertikalios tiesés
atitinka spieciaus spalvos (raudona linija) ir pilno ryskio (mélyna linija) aper-
turas.
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3.12 pav. Spiediaus ID0094 augimo kreiviy pavyzdziai visose SeSiose FJ (vir-
Sutinés dalys) bei juy diferencialiniai profiliiai (apatinés dalys). Vertikali ir ho-
rizontali mélynos linijos rodo Rt spieCiaus apertura ir ties ja gauta ryskj. Tuo
tarpu raudonos linijos atitinka R¢ apertura.

jai daliai spieciy nustatyti ryskiai nesiskiria daugiau nei per 0,05 mag. Nau-
dojantis $ia metodika, mes nuosekliai jvertinome fono lygj kiekvienam spieciui
visose Sesiose FJ, taciau Sis metodas uzima daug laiko, o atsirade interakty-
vaus nustatymo netikslumai gali sukelti sistematinius nuokrypius, taciau tai
nepakeis iSmatuojamo objekto spalvos rodiklio.

3.12 pav. pavaizduotos visy FJ spieciaus ID0094 augimo kreivés (aukséiau)
ir ju diferencialiniai profiliai (Zemiau). Diferencialinis profilis rodo kiekviename
aperturos ziede iSmatuoto signalo dydj, o neigiamos vertés rodo, kad iSmatuotas
signalas toje srityje yra mazesnis uz atimta vidutinj fono lygj. Mélynos tiesés
rodo R aperturg ir ties ja iSmatuota spieciaus ryskj, raudonos tiesés rodo R¢
apertiirg ir ties ja iSmatuotus ryskius. Spiec¢iui ID0094 fono lygis FA7T5W FJ
buvo parinktas toks, kad neatimty ryskiy objekty esanciy ties 2,7" ir 4,4" (zr.
diferencialinj profilj), tac¢iau atimty vidutinj fono lygi nepaveikta individualiy
ryskiy objekty. Analogiskai fonas parinktas ir likusiose FJ.

Interaktyviai nustatyto fono palyginimui kiekvienam spieciui apskaic¢iavome
vidutinj fona bei mediang fono zZiede, apimanc¢iame nuo 1,2Rj; iki 3,4 Ry t.y.
atitinkancia fono sritj naudota Johnson et al. (2015). 3.13 pav. atvaizduoti
musy nustatytos fono vertés skirtumai nuo fono vidurkio (raudoni apskritimai)
ir medianos (mélynos zvaigzdutés). Daugumoje atveju musy nustatytos fono
vertés yra mazesnés uz vidurkj, bet didesnés uz mediang. To galima tikétis, nes
fono vidurkio skaiciavimas stipriai priklauso nuo j fono sritj patenkanciy ryskiy
objekty, dél kuriy fonas gali buti stipriai pervertintas. Tuo tarpu medianos
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3.13 pav. Interaktyviai nustatyto fono lygio skirtumai nuo vidutinio fono lygio
(raudoni apskritimai) arba fono medianos (mélynos zvaigzdutés) FA7T5W FJ.
X aSyje atidétas interaktyviai nustatytas fono lygis.

skaid¢iavimas nejskaito nuotraukose isskiriamy pavieniy zvaigzdziy, kurios taip
pat sudaro dalj fono lygio.

3.7 Ryskiy nustatymas

Spieciy ryskius nustatéme dviem skirtingais metodais. Pirmasis metodas yra
standartinis, kuomet visoms FJ naudojome to paties dydzio apertura Ry (3.10
pav. meélynas apskritimas). Kaip jau anks¢iau minéta, apertura Rt buvo pa-
rinkta taip, kad apimty kuo didesne spieciaus dali, bet tuo paciu ir iSvengty
ryskiy lauko zvaigzdziy. Taciau siuo atveju islieka didelé tikimybé, kad | matuo-
jama apertura pateks zenkliai spieCiaus spalvas iSkraipancios lauko zvaigzdés.

Siekiant gauti tikslesnes spieciy spalvas papildomai permatavome spieciy
ryskius naudodami R¢ aperturas apimancias tik centrines spieciaus dalis, ku-
rioms yra mazesné tikimybé buti paveiktoms lauko zvaigzdziy. Siuo atveju
naudojama apertura neapima didelés dalies spieciaus Sviesio, todél jo jskaity-
mui naudojame pilnutinj ryskj iSmatuota F'475W FJ naudojantis R apertura.
F475W FJ pilnutiniam spiec¢iaus ryskio matavimui yra parinkta, todél, kad
ji turi auksta signalo ir triukSmo santykj, bei néra taip stipriai paveikta rys-
kiy RGB zvaigzdziy kaip F814W FJ. Naudojantis gautomis spieciy spalvomis
ties R¢ apertura, jas sunormuojame j pilnutinj ryskj gauta F475W FJ pagal
formule:

Mpaw = Mo, pew + (M1 Farsw — Me, Fatsw ), (3.1)

¢ia F' = W atitinka FJ pavadinima, mp.w yra pilnutinis ryskis perskaiciuotas
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3.14 pav. Spieciaus ID0094 fono srityje esanciy pikseliy signalo histogramos
(pilki stulpeliai). Fono sritis apima zieda aplink spieciy nuo 1,2 Ry iki 3,4 R;.
Zali stulpeliai rodo duomenis likusius po 20 apkarpymo, o zalia punktyrine
linija — prie ju priderinta pirmajj Gauso profilj. Mélyni stulpeliai atitinka duo-
menis likusius po pikseliy signalo verc¢iy, didesniy nei pirmojo Gauso profilio
plotis pusaukstyje, pasalinimo.

pagal R¢ aperturas, mc, p«w — ryskiai Rc aperturoje, o mr parsw ir mc, parsw
atitinka spieciaus ryskius F475W FJ Ry ir R¢ aperturose. Taikydami Sig me-
todika, mes darome prielaida, kad spieciaus spalvos profilis uz matuojamos
R aperturos yra tolygus ir nekintantis. Tokiu atveju gaunami aplinkos ma-
ziau paveikti spalvos rodikliy matavimai, kuriems parametry nustatymas daug
jautresnis, nei pilnutiniam ryskiui jvairiose FJ, nuo kurio priklauso tik spieciaus
mase.

3.8 Paklaidy jvertinimas

Atlikty matavimy statistines paklaidas néra lengva jvertinti, nes jas sudaro
triukSmo, fono lygio nustatymo bei kiti neapibréztumai. Kadangi matavimai
atliekami ant jau susumuoty ekspozicijy mozaikos, kurioje matavimai sunor-
muoti j 1 sekundes ekspozicija, juose yra sunku jvertinti tikraja neapibréztumuy
statistika. Dél Sios priezasties matavimy paklaidas jvertinome pasinaudodami
dviem metodais.

Pirmuoju metodu yra jvertinama fono pikseliy verciy sklaida. Ja jvertino-
me prie fono pikseliy histogramos pridering Gauso profilj. Fono srities pikseliy
verciy histogramos yra nesimetriskos, nes dalis jy yra paveiktos isskirty rys-
kiy zvaigzdziy, todél jy verciy histograma yra istesta j didesniy verc¢iy puse ir
neatspindi tikrosios fono sklaidos. Priderinimo pavyzdziai parodyti 3.14 pav.,
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3.15 pav. Paklaidy priklausomybé nuo spieciaus ryskio visose FJ. Reikia
atkreipti démesj j kintancius rézius tarp skydeliy.

kuriuose pateiktos pikseliy signalo ver¢iy histogramos (pilki stulpeliai) jvairiose
FJ ir aiskiai matosi nesimetriskas verciy skirstinys. Gauso profiliai yra derinami
du kartus, siekiant atmesti kuo didesne dalj statistikos neatspindinciy pikseliy.
Pries pirma derinima pikseliy verciy imciai yra atliekamas dviejy standartiniy
nuokrypiy (20) duomeny apkarpymas. Prie likusiy duomeny (zali stulpeliai)
yra priderinamas pirmasis Gauso profilis (Zalia punktyriné linija), kurio plotis
pusaukstyje yra naudojamas kaip riba uz kurios atmetamos visos didesnés pik-
seliy vertes. Siuo atveju atmetamos tik didesnés pikseliy vertés, nes mazesnés
yra nepaveiktos ryskiy lauko zvaigzdziu. Prie likusiy verciy (mélyni stulpeliai)
derinamas antrasis Gauso profilis (mélyna linija), kurio standartinis nuokrypis
(obkg) naudojamas paklaidy skai¢iavime pagal formule:

Tbkgy/Aa
o1 = 2,5log;, (1 + gp) , (3.2)

Fust
¢ia Fiuee yra apertiiroje integruotas spieCiaus Sviesis, A,y — aperturos plotas
pikseliais.

Antruoju metodu jvertinome ryskiy neapibréztuma dél parinktos aperturos,
kurj lemia netolygus Sviesio pasiskirstymas nuotraukose, bei skirtingi vaizdy
dydziai tarp nagrinéjamy FJ. Tai yra jskaitoma atlickant 8 papildomus spie-
¢iaus aperturos pastumdymus 8 skirtingomis kryptimis ziedu aplink centra ir
apskai¢iuojant gauty ryskiy skirtumy standartinj nuokrypj (o2). Pastumdymai
atliekami per 0,1” Ry aperturoms ir 0,05” R¢ aperturoms.

Galutinés paklaidos gaunamos susumavus abu neapibréztumus: o =
\/0? + 02 ir yra atvaizduotos 3.15 paveikslélyje. UV stebéjimuose dominuoja
fono sklaidos neapibréztumas (o), kuris gerai koreliuoja su spieéiy ryskiu. Tuo
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3.2 lentelé. M31 galaktikos zvaigzdziy spieCiy fotometrijos rezultatai.

APID a(J2000) 46(J2000) R Rn° F275W F336W FATSW  F814W  F110W  F160W
0001  11,435516 41,698562 2,0° 0,56 20,198 19,330 18,811 17,509 17,081 16,497

0,6° 0,024 0010 0,006 0008 0008 0,008
0002 11,366514 41,701013 14 059 21276 20,561 20,019 19,075 18,794 18,450

0,7 0,057 0,015 0,008 0,012 0,014 0,018

Pastabos. Lenteléje pateikta tik dalis pirmy dviejy spieciy duomeny.
(@ T apertiiros spindulys kampinémis sekundémis,

®) C aperturos spindulys kampinémis sekundémis,

(©) pusés viesio spindulys F475W FJ kampinémis sekundémis,

(

9 i¥matuoty ryskiy neapibréztumai (o) atitinkamose FJ.

tarpu IR stebéjimuose pradeda dominuoti neapibréztumai atsirade dél netoly-
giai pasiskirséiusiy Sviesiy objekty (o2), todél jie yra daug jautresni aperturos
dydzio ir centro parinkimui nei kitose FJ.

Kadangi spieciy fonas buvo nustatomas interaktyviai, todél sunku jvertinti
jo neapibréztumy dydj. Atsirade netikslumai nustatant fono lygj grei¢iau lems
sistematinius ryskio pokycius visose FJ ir mazai paveiks iSmatuotus spieciy
spalvos rodiklius. Palyginus skirtingy komandos nariy nustatytus fono lygius
tiems patiems spiec¢iams pastebéta, kad ryskiy skirtumai gali siekti iki 0,05,
priklausomai nuo objekto ryskio, taciau tai nebuvo jskaityta galutinése paklaidy
reikSmese.

Gautame kataloge pateikiamos spieciy centry koordinatés, Rt ir R¢ aper-
tury spinduliai, jose iSmatuoti spiec¢iaus ryskiai bei ryskiai apskaic¢iuoti nau-
dojantis 3.1 formule, taip pat pateikiami pusés sviesio spinduliai F475W FJ.
Katalogo pavyzdys pateiktas 3.2 lenteléje.

3.9 Ryskiy palyginimas

3.16 pav. lyginami matavimai Rt aperturose ir sunormuoti i F'475W mata-
vimus pagal R¢ aperturas naudojantis 3.1 lygtimi. Skirtumai tarp matavimy
atsiranda tik dél skirtingy apertury dydziy ir normavimo, tuo tarpu centro ko-
ordinateés ir fono lygiai islieka nepakite. Paveikslélio ¢) skydelyje pavaizduoti
ryskiy skirtumai tarp Ry ir R¢ apertury matavimy FA475W FJ — jie atitinka
normavimui naudotas ryskiy pataisas (dydis esantis 3.1 lygties skliaustuose).
Tuo tarpu 3.17 pav. pavaizduoti iSmatuoty spalvos rodikliy skirtumai tarp Ry
ir R¢ apertury.

Gauti dideli ryskiy ir spalvos rodikliy skirtumai rodo matavimy jautruma
lauko objektams. Atliekant mg ryskiy normavimg yra daroma prielaida, kad
uz R¢ aperturos spieciaus spalva nekinta. Dél Sios priezasties dalies spieciy rys-
kiai gali stipriai iSaugti ar sumazéti, jei, pavyzdziui, UV spinduliuoteés saltiniai
yra koncentruoti spieciaus centre arba UV ryski zvaigzdé yra uz matuojamos
spalvos aperturos. 3.16 ir 3.17 pav. parodyti skirtumai yra panasus j ryskiy
ir spalvy palyginimus su Johnson et al. (2015) katalogu parodytus 3.18 ir 3.19

47



F275W+y — F275W

F336W+y —F336W

F814W+ — F814W

F110Wy —F110W

373

16 19 22
F814W

13

16
F11ow

19

22

FA75W+t — FA75Wc

F160W+r —F160W

13

16 19
Fleow

22

3.16 pav. Spieciy ryskiy skirtumai tarp matavimy R aperturoje ir perskai-
¢iuoty i8 Re aperturos (mr paw — mp.aw ). ¢) skydelyje pavaizduoti skirtumai
tarp R ir neperskaic¢iuoty R¢ matavimy.
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1.7

F475W
Spieciy spalvos rodikliy skirtumai, apskaic¢iuoti is spalvos rodikliy
gauty ties Rt aperturomis atémus spalvos rodiklius gautus ties R¢ aperturomis.
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paveiksléliuose. Lyginimui Johnson et al. (2015) duomenys yra perskaiciuo-
ti pagal musy naudojamus nulinius punktus. Johnson et al. (2015) fono lygi
nustaté nuo 1,2Rjy iki 3,4R; plote, padaline ji i 10 vienodo ploto ziedus ir
pasaline ryskiy zvaigzdziy labiausiai paveiktas dalis, apskaiciavo likusiy daliy
fono vidurkj. Lyginant matavimus su kitais autoriais skirtumai atsiranda dél
skirtingy spieciy centry, apertury dydziy ir fono lygiy. Mazi ryskiy skirtumai
ryskiems objektams rodo, kad abu katalogai yra gerai sukalibruoti. Raudoni
taskai grafikuose atitinka spiecius, kuriems Johnson et al. (2015) publikavo
tik virsutines ryskiy ribas. VirSutinés ribos pateikiamos tik IR ir F275W FJ,
nes tikétina, kad pirmuoju atveju dél didelio $viesio netolygumo sukelto ryskiy
lauko RGB zvaigzdziy, fono lygis buvo stipriai pervertintas. Antruoju atveju,
tikétina, kad F275W FJ silpnas spieciy signalas yra uzgoziamas foninio triuks-
mo. Raudony tasky pasiskirstymas atitinka ryskiy skirtumus atsiradusius dél
miusy naudojamos naujos matavimy metodikos, todél ju jvertinima gali buti
paveikusios ryskios lauko zvaigzdeés esancios aplink spiecius.

IR FJ skirtumai didziajai daliai spieciy atsiranda dél padrikai iSsidésciusiy
ryskiy lauko Zvaigzdziy. Didziausi skirtumai yra blausiems (>16 mag) spie-
Ciams F814W ir IR FJ (d, e ir f skydeliai), kuriems didele jtaka turi pavienés
atmestos ryskios lauko zvaigzdés. Ryskesniems spieCiams pavienés zZvaigzdés
neturi tokios didelés jtakos, todél ryskiy skirtumai yra mazi. UV FJ yra ma-
ziausi signalo ir triukSmo santykiai, dél to stipriai iSauga matavimy sklaida
blyskesniems (>20 mag) spie¢iams. Taip pat UV FJ sklaida yra didesné visame
ryskiy intervale, nes dalis spie¢iy yra po erdve placiai pasklidusios zvaigzdziy
asociacijos. Siuose objektuose didelé dalis UV $altiniy gali biiti susikoncent-
rave centre, todél ekstrapoliuojant bus pervertinamas uz R¢ aperturos esantis
Sviesis ir bus gaunami teigiami verciy nuokrypiai. Tuo tarpu jei UV ryskios
zvaigzdés pasiskirsciusios placiau, tuomet UV spinduliuoté bus nepakankamai

ivertinama ir atsiras neigiami ver¢iy nuokrypiai.

Didziausi skirtumai 3.19 pav. yra c), d), e) ir ) skydeliuose, kuriuose jei-
na stipriausiai lauko zvaigzdziy paveiktos FJ. Gauti skirtumai gerai iliustruoja
neapibréztumus budingus integruotai fotometrijai, kai yra nejskaitoma lauko
zvaigzdziy jtaka ir kurie gali siekti 1 ryskj ar daugiau. Taip pat reikia atkreipti
démesj j tai, kad atsirade skirtumai tarp spieciy daugiausiai lemia raudonesnes
spalvas, o tai atitinka didesnio amziaus, metalingumo ir/ar ekstinkcijos efek-
tus. Maziausi skirtumai yra F336W — F475W spalvoje, nes Siose F.J maza jtaka
turi lauko zZvaigzdés bei yra pakankamai didelis signalo-triuksmo santykis. Tuo
tarpu F275W — F336W spalvos ties didesniais ryskiais iSsibarsto dél silpno
signalo. Lyginant F'814W ir IR FJ matavimus, be didéjancios sklaidos dideé-
jant spiec¢iy ryskiams, nemaza dalis spieciy sistemingai turi mazesnius ryskius
Johnson et al. (2015) matavimuose. Tokj skirtuma sukelia spalvos apertury
parinkimo kriterijus, dél kurio stengémeés iSvengti ryskiy lauko zvaigzdziy, ku-
rios daugiausiai dominuoja IR srityje. Reikia atkreipti démesj j kelis didelius
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3.18 pav. Spiediy ryskiy skirtumai tarp publikuoty Johnson et al. (2015) ir
musy perskai¢iuoty iS R¢ apertury. Skirtumus lemia skirtingomis metodiko-
mis nustatyti fono lygiai, pakeisti spieCiy centrai bei matuojamos aperturos.
Raudoni taskai atitinka spie¢ius, kuriems Johnson et al. (2015) pateike tik vir-
Sutines ryskiy ribas. Pateikti Johnson et al. (2015) ryskiai buvo perskai¢iuoti
pagal musy naudojamus nulinius punktus.
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3.19 pav. Kaip ir 3.18 pav. tac¢iau pavaizduoti spalvy skirtumai.
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3.20 pav. Spalvos-spalvos diagramos rodancios Johnson et al. (2015) pub-
likuotas spieiy spalvas virSuje (a, b ir ¢ skydeliai, mélyni simboliai) ir mu-
sy matavimus R¢ aperturose apacioje (d, e ir f skydeliai, raudoni simboliai).
Fone pilkais kontiirais atvaizduoti 10® M, teoriniai spieciy skirstiniai, kuriy
amzius yra nuo 4 Myr iki 12,5 Gyr. Rodyklés rodo ekstinkcijos vektorius, kai
Ay =1 mag.

ryskiy skirtumus rySkiems (<20 mag) spie¢iams F275W ir F336W FJ, kurie
yra jauny zvaigzdziy asociacijos ir kurioms buvo stipriai pakeistos centro koor-
dinatés bei sumazinti apertury dydziai apimant tik centrine tankia zvaigzdziy
koncentracija.

3.20 pav. pateiktos jvairiy kombinacijy spalvos-spalvos diagramos su virsuje
raudonai parodytais Johnson et al. (2015) spieciy ryskiais (a, b ir ¢ skydeliai),
o apacioje meélynai — iSmatuotais musy. Fone pilkai atvaizduoti stochastiniai
spied¢iy modeliai apskaiciuoti pagal de Meulenaer et al. (2017) pateikta meto-
dika (7r. 4 skyriy), kuriy masé lygi 10> Mg, o amzius logo(t/yr) = 6,6 — 10,1.
Pasirinkta spieciy masé gerai atspindi didziaja dalj apzvalgoje esanciy spieciy
(de Meulenaer et al. 2017) ir nuo jos priklauso modeliy sklaidos dydis atsirades
dél zvaigzdziy masiu stochastikos.

Johnson et al. (2015) matavimai turi gerokai didesne sklaida uz musy ma-
tavimus, ypa¢ F275W ir IR FJ. Atlike matavimus pagal Johnson et al. (2015)
aprasyta matavimy metodika pastebéjome, kad fono lygis yra daznai perver-
tinamas jei fono srityje yra bent kelios ryskios lauko zvaigzdés. Tikétina, kad
deél pervertinto fono lygio Johnson et al. (2015) pateikeé tik virsutines ryskiy
ribas. Jauniausi spie¢iai yra ypac jautrus fono lygio nustatymui, nes jie yra
labai blyskus IR FJ. Spieciai esantys 3.20 pav. a) skydelio virSutinéje desinéje
dalyje taip pat turi tik virsutines ryskiy ribas F275W FJ. Tuo tarpu musy ma-
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3.21 pav. Spieciy spalvos-ryskio diagramos pagal R¢ aperturas perskaiciuo-

tiems ryskiams. Fone atvaizduoti jvairiy masiy teoriniai spieciai — 102 Mg

(mélynai), 103 M, (zaliai) ir 10* Mg (raudonai). Rodyklés rodo ekstinkcijos

vektorius, kai Ay = 1 mag.

tavimy (d skydelis) tikslumas yra apribotas signalo triuksmo, o ne fono lygio
nustatymo. Dauguma nuo modeliy nutolusiy spie¢iy musy matavimuose turi
sudétingus supancius fonus, kuriuos sunku jvertinti net ir interaktyviu meto-
du, tuo tarpu daliai spieciy | aperturas patenka ryskios lauko zvaigzdés arba jie
yra stipriai paveikti ekstinkcijos. 3.20 pav. a) ir d) skydeliuose aigkiausiai ma-
tosi sistematinis iSmatuoty spieciy poslinkis nuo teoriniy modeliy, kuris gerai
atitinka Ay = 1 mag dydzio ekstinkcijg rodancios rodyklés krypt;.

3.21 pav. pateiktos musy iSmatuoty spieéiy spalvos-ryskio diagramos, ku-
rios geriau atskiria spiecius pagal ju mase. Fone atvaizduoti jvairiy masiy sto-
chastiniai modeliai: mélynai — 102 M, zaliai — 103 Mg, o raudonai — 10* M.
Didéjant spieciy masei, auga jy Sviesis, bei santykinai mazéja stochastikos jtaka,
todél mazéja ir modeliy sklaida. Ryskiausi spieciai Siose diagramose susiskirsto j
dvi aiskias grupes — mélyna, kuriag sudaro masyvus jauni spieciai (< 100 Myr) ir
didelés zvaigzdziy asociacijos (F336W — FAT5W < —0,5) ir raudona, kuria su-
daro seni (2 1 Gyr) ir masyvus kamuoliniai spieciai (F'336W — F475W ~ 0,5).
Dauguma spieciy gerai atitinka 103 Mg spie¢iy modelius, o didziausia iSimtis
yra kamuoliniai spie¢iai, kuriy masés gali virgyti 10° M. c) diagramoje eks-
tinkcijos vektorius turi didelj horizontaly komponenta, todél aiskiai atsiskiria
stipriai ekstinkcijos paveikti spieciai, esantys i desing nuo kamuoliniy spieciy.

3.22 pav. pavaizduotas spieciy ryskiy ir ju pusés sviesio spindulio sarysis.
Aiskios priklausomybés néra, tac¢iau didzioji dalis spie¢iy yra pasklide aplink
0,5"” dydzio puseés Sviesio spindulj. Tai yra aiskiai koncentruoti j centrg spieciai,
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3.22 pav. Spieciy ryskio ir pusés Sviesio spindulio sarysis. Punktyrinés linijos
atitinka aptikimo ribas, kai pavirsinis §viesis siekia 21,5 mag/arcsec? (raudona)
ir 22,5 mag/arcsec? (mélyna).

tuo tarpu objektai ties didesniais pusés sviesio spinduliais atitinka vis silpniau
koncentruotus spiecius, o ties didziausiais spinduliais (Rp 2> 1,4"”) yra susi-
telkusios zvaigzdziy asociacijos. Reikéty atkreipti démesj, kad naudojamoje
apzvalgoje visy aptikty spieciy pavirsinis $viesis virsija 22,5 mag/arcsec? (meé-
lyna punktyrineé linija), taciau tikétina, kad pilnumo efektai dar yra svarbus iki

21,5 mag/arcsec? pavirsinio §viesio (raudona punktyriné linija).

3.10 Aperturos dydzio jtaka

Integralinés fotometrijos metu yra matuojami visi j apertura patenkantys ob-
jektai tai yra ir Andromedos galaktikos, ir Pauks¢iy Tako lauko zvaigzdés bei
tolimos galaktikos. Taip pat spieciui priklausancios zvaigzdés gali buti neto-
lygiai iSsideéséiusios erdvéje, todél spieCiaus kraste esanti vélyvos evoliucinés
stadijos Zvaigzdé stipriai pakeis viso spiec¢iaus spalva. Siam efektui jautriausi
mazos masés spieciai, kuriuose ryskiy pavieniy zvaigzdziy Sviesa gali dominuo-
ti tam tikrose FJ. Todél aperturos dydzio parinkimas lemia, ne tik iSmatuotos
spieciaus sviesos dalj, bet ir tai, kad santykinai mazi aperturos dydzio pokyc¢iai
gali lemti didelius spalvos pokycius.

3.23 pav. parodytas mazos masés spiecius ID1633, kurj sudaro aiskiai is
lauko zvaigzdziy issiskirianc¢ios melsvos zvaigzdés. Jj supa didelis skaicius rys-
kiy raudony lauko zvaigzdziy bei salia esanti tolima galaktika, kuri matoma
tik F814W ir IR FJ (pazyméta geltonu apskritimu). Nuotraukose zaliai pa-
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3.23 pav. Spieciaus 1D1633 nuotrauka atitinkanti 3. 10 pav tamau papildo-
mai pridétos 4 Zalios aperturos atitinkancios 0,5, 0,7”, 1,0” ir 1,4”. Geltonu
apskritimu pazymeéta foniné galaktika, kuri publikuota Johnson et al. (2015)
papildomy objekty kataloge.

zymétos 0,5”, 0,7, 1,0” ir 1,4” dydZio aperturos. Spiecius ID1633 yra jaunas
ir jo zvaigzdziy spinduliuoté infraraudonojoje srityje silpna. Todél naudojant
0,5" apertura nepatenka nei viena infraraudonojoje srityje ryski lauko zZvaigzde
ir spieciaus spalva galima patikimai iSmatuoti. Tuo tarpu didesnése aperturose
IR FJ jau dominuoja lauko zZvaigzdés, kurios stipriai iSkraipo spieciaus spalvas.

Spieciaus ID1633 radialiniai spalvos profiliai atvaizduoti 3.24 pav. pateik-
tuose profiliuose. Dél jvairiais radialiniais atstumais iSsidésCiusiy meélyny ir
raudony zvaigzdziy, iSmatuoti spalvos rodikliai stipriai kinta — aperturos dydj
pakeitus vos per 0,5” gali atsirasti 0,5 mag ar didesni spalvos pokyciai. Toks
stiprus spalvos rodiklio kitimas lemia tai, kad reikia atidziai parinkti apertiu-
ras kiekvienam spieciui, siekiant, kad nepakliuty ryskus lauko objektai. 3.24
pav. taip pat galima pamatyti skirtumus tarp musy ir rozine horizontalia li-
nija pavaizduoty Johnson et al. (2015) spalvy Siam spieciui. Johnson et al.
(2015) naudojo didesne apertura ir kitokj fono lygj, ju gautos spalvos yra daug
raudonesnés ir akivaizdziai priestarauja faktui, kad pats spieCius sudarytas is
mélynas spalvas turinc¢iy zvaigzdziy.

3.25 pav. parodytos diagramos rodo spieciaus ID1633 spalvas ties kiekvie-
na is keturiy 3.23 pav. zaliai pavaizduoty apertiry, kurios palaipsniui apima
vis daugiau lauko objekty. Pateiktose spalvos-spalvos diagramose raudoni sim-
boliai atitinka spieciaus spalvas gautas ties 0,5”, mélyni — 0,7”, zali — 1,0”,
o juodi — 1,4” spalvos aperturomis. Siam spie¢iui spalvos apertiiros dydzio
keitimas beveik neturi jtakos UV ir F475W fotometrinéms juostoms, taciau
spalva stipriai pasikei¢ia F'814W ir IR FJ. Apatiniame deSiniame paveikslélyje
spiecius pereina nuo santykinai mélyny spalvy iki vieny raudoniausiy, lyginant
su spie¢iy modeliy skirstiniu. Matavimams naudojant didele apertira tokiam
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3.24 pav. Spieciaus ID1633 spalvy profiliai. Vertikalios mélyna ir raudona li-
nijos atitinka Ry ir Rg apertiiras. Zalios vertikalios linijos zymi 0,5”, 0,7”, 1,0”
ir 1,4” aperturas. RoZine spalva atvaizduotos Johnson et al. (2015) publikuotas
spiecCiaus aperturos dydis ir spalvos.

spieciui bus nustatytas uz tikraji daug didesnis amzius ir metalingumas, arba
paraudonavimas bus kompensuotas didele ekstinkcijos verte (zr. diagramose
ekstinkcijos vektoriaus kryptj vaizduojancia rodykle).

Vienas i$ budy kaip papildomai patikrinti tiriamo spieCiaus amziy ir po-
tencialiai iSspresti amziaus-metalingumo-ekstinkcijos iSsigimimus yra atskiry
jo Zvaigzdziy analizé (Johnson et al. 2016, 2017). Atskiry zvaigzdziy amziy
galima jvertinti jas lyginant su teorinémis izochronomis. 3.26 pav. parodyta
visa ID1633 spieciaus fotometriné informacija. Virsuje kairéje parodyta ryskio
priklausomybé nuo bangos ilgio, kuri leidzia santykinai jvertinti jo mase (di-
desnés maseés spieciai yra ryskesni) ir amziy (didesnis ryskis UV fotometrinése
juostose rodo jaunesnj spie¢iaus amziy).

Toliau 3.26 pav. poromis rodomos visy spieciy integruoty ryskiy (kairiau)
ir | spiefiaus apertura patenkanciy zvaigzdziy (deSiniau) spalvos-ryskio dia-
gramos, atvaizduotos naudojantis skirtingomis spalvos-ryskio kombinacijomis.
Spieciy diagramoje tiriamasis spiecius pazymeétas raudonai, o fone atvaizduoti
ivairiy masiy spie¢iy modeliai. Taip pat jvairiomis spalvomis pazymeéti spie-
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3.25 pav. Spieciaus ID1633 spalvos esant 0,5” (raudona), 0,7 (mélyna),
1,0” (zalia) ir 1,4” (juoda) spalvos apertiiroms. Fone parodyti 103 Mg spieéiy
modeliai. Rodyklés rodo ekstinkcijos vektorius, kai Ay = 1.

¢iaus matavimai kitose aperturose: Zydrai — Johnson et al. (2015) atlikti ma-
tavimali, zaliai — musy Rj aperturoje atlikti matavimai, su naujais nustatytais
fono lygiais, mélynai — matavimai R aperturoje. Atskiry zvaigzdziy diagramo-
se, esanciose desiniau, vaizduojamos zvaigzdés patekusios j spieciaus pilnutinio
ryskio apertiira Ry. Zvaigzdés paimtos i$ Williams et al. (2014) publikuoto
PHAT apzvalgos 117 milijony zvaigzdziy katalogo. Siekiant lengviau atskirti
spieciaus zvaigzdes nuo besiprojektuojanciy lauko zvaigzdziy, pilkai atvaizduo-
tos zvaigzdés esancios nuo 1,2 R iki 3,4 Ry atstumu iki spieciaus centro. Siuo
atveju spieCiaus zvaigzdés aiskiai atsiskiria F'814/(F475W — F814W) diagra-
moje, kur jos neblogai atitinka 300 Myr amziaus izochrona (raudona kreiveé).
Reikia neuzmirsti, kad vaizduojamiems modeliams ir izochronoms nebuvo jskai-
tyta ekstinkcija, todél atbalinus duomenis priesinga kryptimi nei nukreiptas
ekstinkcijos vektorius, stebimas spiecius galéty buti jaunesnis uz 300 Myr. Si
papildoma informacija apie spieciy leidzia atmesti maziau tikétinus sprendinius
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3.26 pav. Spieciaus ID1633 integruoty ir atskiry zvaigzdziy ryskiy diagramos.
Virsutinégje kairéje diagramoje raudonai parodyta spieciaus integruoty ryskiy
priklausomybé nuo efektinio FJ bangos ilgio, juodai pazymétos visos imties
spieciy ryskiy priklausomybés. Toliau poromis vaizduojamos jvairiy kombi-
nacijy spalvos-ryskio diagramos integruotiems spie¢iy ryskiams ir pavienéms
spieciaus zvaigzdéms. Kairiau esanciose diagramose juodais apskritimais vaiz-
duojamos visos imties spieciy integruoti ryskiai, o nagrinéjamas spiecius pa-
Zymeétas raudonai (TC). Taip pat atvaizduoti spieCiy ryskiai pateikti Johnson
et al. (2015) kataloge (J, zydri taskai), musy atlikti matavimai Rj aperturoje
(O, zali taskai) ir matavimai atlikti Rr aperturoje (T, meélyni taskai). Fo-
ne parodytas teoriniy spieciy pasiskirstymas, skirtingos spalvos zymi skirtingy
masiy spiec¢ius, nuo 102 M (violetiné spalva) iki 10 My (raudona spalva),
legenda pateikta priespaskutinéje diagramoje. Desiniau esanciose diagramose
juodais skrituliais atvaizduotas i spiec¢iaus apertura patekusiy zvaigzdziy pasi-
skirstymas, o pilkai — Zvaigzdés patekusios j fono sritj, apimancia nuo 1,2 Ry iki
3,4Rj. Spalvotos kreivés atitinka izochronas nuo 10 Myr (mélynos) iki 10 Gyr
(zalios), legenda pateikta paskutingje diagramoje. Rodyklés esancios diagramy
apatinéje desingje dalyje atitinka ekstinkcijos vektoriy, kai Ay = 1.
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ir daznai padeda iSspresti amziaus-ekstinkcijos parametry issigimima.

3.11 Apibendrinimas

Sukuréme nauja matavimo metodika, pagrista mazy apertury naudojimu spie-
¢iy spalvy matavimui centrinése dalyse. ISmatuotos centrinés spieciaus da-
lies spalvos yra sunormuojamos j pilnutinj ryskj, gauta visa spie¢iy apimancia
apertura, maziausiai lauko zvaigzdziy paveiktoje FJ. Tik centrine spiec¢iaus da-
li apimancios spalvos aperturos padeda iSvengti didziosios dalies ryskiy lauko
zvaigzdziy, taciau tam turi galioti salyga, kad spieciaus spalva neturi radiali-
nés priklausomybés uz matuojamos aperturos riby. ISmatuotos spieciy spalvos
gali stipriai priklausyti ir nuo nustatyto fono lygio, todél kiekvienam spieciui
jis buvo nustatytas nuosekliai atliekant interaktyvia kiekvienos FJ matavimuy
perziura. Interaktyvus fono lygio nustatymas leidzia iSvengti potencialiy auto-
matiniy metody netikslumy, atsirandanciy dél netolygiai pasiskirs¢iusiy ryskiu
lauko zvaigzdziy. Naujai gauti fotometriniai duomenys geriau atitinka sto-
chastiniy spiec¢iy modeliy skirstinius ir turi daug mazesne sklaida atsirandancia
dél matavimy netikslumy, todél nustatyti parametrai turéty buti patikimesni.
Sudarytas naujas 1181 spiec¢iaus M31 PHAT apzvalgos matavimy katalogas,
apimantis dalj Johnson et al. (2015) katalogo objektuy. Pazymeétina, kad dalyje
iSmatuoty spieciy vis dar projektuojasi ryskios lauko zvaigzdés, kuriy negali-
ma iSvengti net mazinant matavimo apertura. Patikimiausias tokiy problemy
sprendimas buty atskiry zvaigzdziy atémimas i nuotrauky, taciau tai reika-
lauja tiksliy zvaigzdziy matavimy tankiose spieciy centry srityse.
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4 skyrius
Spieciy parametry nustatymas

Spieciy placiajuoste fotometrija lyginant su teoriniais modeliais galima jvertin-
ti 4 pagrindinius jy parametrus: amziy, mase¢, metalinguma bei ekstinkcija.
Kintantis spiefiaus amzius, metalingumas ir ekstinkcija sukelia panasius efek-
tus matuojamose spieciy spalvose, dél to atsiranda parametry iSsigimimas ir
stipriai apsunkinamas juy nustatymas (pvz. de Meulenaer et al. 2014). Siuos
issigimimus padeda iSspresti plati PHAT apzvalgos FJ spektro apréptis bei de-
talios nuotraukos, kurios jgalina iSmatuoti pavienes spieciaus zvaigzdes. Spieciy
parametry nustatymui naudojame jau anksciau Andromedos bei kity galaktiky
spie¢iy tyrimams taikyto programuy paketo (de Meulenaer et al. 2013, 2014,
2015a,b, 2017) modifikuoty versija. Programy paketo veikimo principas pa-
remtas integruoty spie¢iy ryskiy lyginimu su zinomy parametry stochastiniy
spieciy modeliy banku.

4.1 Stochastika spieciuose ir parametry issigi-

mimas

Tiksliai apibrézti Zvaigzdziy spieCius yra sudétinga (Renaud 2018), taciau lai-
kome, kad tai yra gravitaciskai susieta zvaigzdziy sistema, kurig sudaro vienodo
amziaus ir cheminés sudéties Zvaigzdés. Sios prielaidos leidZia spiec¢iy mode-
liavimui naudoti SSP (angl. Simple Stellar Population) metoda, kuris apibre-
ziamas trimis pagrindiniais parametrais: sistemos amziumi, metalingumu ir

Zvaigzdziy pradine masés funkcija (angl. Initial Mass Function, IMF).

Integruota visos populiacijos Sviesa SSP metodu suskaic¢iuojama padalinus
izochrona j smulkias dalis ir suintegravus zvaigzdziy skaiciy jose pagal naudoja-
ma IMF. IMF dazniausiai iSreiskiama laipsnine funkcija, kuri apraso zvaigzdziy
skaiciy dN tam tikrame masés intervale dM:

=M, (4.1)
¢ia & yra masés daugiklis, M — Zvaigzdés maseé, o « — laipsnio rodiklis, kuris
nustatytas is stebéjimy. Salpeter IMF (Salpeter 1955) oo = 2,35, tadiau lyginant
su stebéjimais, Sis modelis stipriai pervertina mazos maseés zvaigzdziy skaiciy.
Kroupa (2002) padalino IMF | tris dalis su atskirais laipsnio rodikliais, kurie
geriau atitinka stebéjimus:
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4.1 pav. Spalvos-ryskio diagramos vaizduojancios 4 skirtingus zvaigzdziy uz-
pildymus 102 M, masés spieiams. Skirtingomis spalvomis atitinkamai atvaiz-
duotos: 30 Myr (mélyna), 100 Myr (violetiné), 300 Myr (raudona), 1 Gyr
(geltona) ir 3 Gyr (zalia) amziaus izochronos. Ryskiai suskai¢iuoti jskaicius
Andromedos galaktikos atstumo modulj.

a=0,3, kai M < 0,08 Mg,
a=1,3, kai 0,08 Mg < M < 0,5Mg, (4.2)
a=23, kai M > 0,5M .

Integruojant zvaigzdziy skaiciy pagal jprasta SSP metodika yra jskaitoma
visy masiy ir evoliucijos stadijy zvaigzdziy jtaka spieciaus spektrui. Visy evo-
liuciniy stadijy jskaitymas teoriniuose modeliuose nebiutinai atitinka realius
spieciy stebéjimus, nes net ir viena veélyvos evoliucinés stadijos zvaigzdé gali
stipriai pakeisti matuojamo spiec¢iaus ryskj ir spalva. Sis stochastikos lemia-
mas efektas mazg jtaka turi tik didelés masés spieciuose, kuriuose IMF yra
tankiai uzpildyta jvairiy evoliuciniy stadijy zvaigzdémis, o pavieniy zvaigzdziy
itaka yra maza. Tuo tarpu, jei zvaigzdziy populiacijos masé yra maza, dél
mazy skaiciy statistikos ir mazo bendro spieciaus Sviesio, vienos ar keliy evo-
liucionavusiy zvaigzdziy buvimas turi didele jtaka integruotiems matavimams.
Svyruojantj vélyvos stadijos zvaigzdziy skaiciy lemia, tai, kad didesnés masés
zvaigzdziy yra santykinai maziau bei laikas praleidziamas vélyvoje evoliucijos
stadijoje yra santykinai trumpas. Tokioms zvaigzdéms palikus pagrindine seka
stipriai pakinta juy Sviesis bei efektiné temperatura ir jy Sviesa gali dominuo-
ti tam tikrose FJ. Dél Sios priezasties vienody parametry spieciai gali turéti
stipriai besiskiriantj Sviesj ir spalva.

Siekiant tiksliau nustatyti spie¢iy parametrus de Meulenaer et al. (2017, ir
ankstesni ciklo straipsniai) naudoja spie¢iy modeliy bankus, kuriuose zvaigzdziy
populiacijos yra sugeneruojamos stochastiskai. 4.1 pav. parodytos stochastis-
kai sugeneruotos zvaigzdziy populiacijos ir jy amziy atitinkancios izochronos.
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Meélyna kreive atitinka 30 Myr, violetiné — 100 Myr, raudona — 300 Myr, gelto-
na — 1 Gyr, o zalia — 3 Gyr. Simboliai vaizduoja atskiras zvaigzdes, o kiekviena
i§ keturiy diagramy atitinka skirtingas 103 M spieéiy zvaigzdziy populiacijos
realizacijas. Dél stochastikos, tos pacios masés spieciuose ryskiausiy zvaigzdziy
skaicius gali stipriai svyruoti.

4.1 pav. pateikti pavyzdziai rodo, kad skirtingose realizacijose spieciuje gali
nebiiti nei vienos vélyvos stadijos zvaigzdés arba gali buti viena ar kelios, kurios
uzgozia visa likusj spie¢iy (pvz. antroji 30 Myr realizacija). Tokiais atvejais
gauti spie¢iaus matavimai smarkiai skirsis nuo jprastu SSP metodu integruoty
modeliy, kuriuose jskaitomos visos zvaigzdziy stadijos. Si problema ypaé svar-
bi mazesnés masés spieciuose (< 10% Mg, Fouesneau & Langon 2010), kuriems
viena vélyvos evoliucinés stadijos zvaigzdé gali lemti stiprius fotometriniy sa-
vybiy pakitimus, lyginant su kitais, tuos pacius fizinius parametrus turinciais,
spieciais. Tuo tarpu didesnés masés spieciuose §is efektas yra mazesnis dél
mazesneés pavieniy zvaigzdziy jtakos bei tankesnio visy zvaigzdés evoliuciniy
stadijy uzpildymo.

Spieciuose atsirandanti zvaigzdziy masiy stochastika jskaitoma atsitiktinai
generuojant zvaigzdziy mases pagal tikimybés tankj uzduota IMF, kol pasiekia-
ma norima zvaigzdziy populiacijos masé. Kiekvienos zvaigzdés masé gaunama
atsitiktinai, todél kiekvienoje iteracijoje gaunama skirtinga zvaigzdziy imtis, o
atliekant pakartotinius zvaigzdziy populiacijy skaiciavimus galima gauti jvai-
rius zvaigzdziy masiy uzpildymo atvejus, kurie gerai atitinka gamtoje stebimag,
spiec¢iy jvairove.

Fotometriniy spieciy savybiy sklaida dél stochastikos parodyta 4.2 ir 4.3
pav., kuriuose lyginami skirtingus parametrus turintys modeliai. 4.2 pav. skir-
tingomis spalvomis parodyti skirtingus metalingumus turintys modeliy rinki-
niai, kuriy kiekviena sudaro po 10% modeliy su skirtingomis zvaigzdziy masiy
uzpildymo realizacijomis. Jy metalingumai siekia nuo simta karty mazesnio
uz Saulés metalinguma (violetiniai modeliai) iki du su puse karto didesnio uz
Saulés metalinguma (raudoni modeliai). Siekiant pabrézti skirtumus, ju amzius
buvo fiksuotas ties 1 Gyr, o masé lygi 102 M, nes stochastika tokiu atveju turi
didziausia jtaka.

Virsutinése diagramose skirtingy metalingumy modeliai aiskiai atsiskiria
vienas nuo kito, nes j juos jtraukti ultravioletiniai F275W FJ ryskiai, kurie
yra jautriausi zvaigzdziy metalingumui. Tuo tarpu palikus tik didesnio bangos
ilgio ultravioletine F'336W FJ (apatiné kairé diagrama) skirtumai tarp modeliy
stipriai sumazéja. Jei naudojamos tik IR fotometrinés juostos (apatiné desiné
diagrama), tuomet visy metalingumy modeliai persikloja ir amzius tampa be-
veik visiSkai issigimes. Dél Sios priezasties ultravioletinés FJ yra ypac svarbios
siekiant patikimai atkurti spiec¢iy parametrus.

4.3 pav. lyginami skirtingus amzius turinciy modeliy skirstiniai. Siuo at-
veju taip pat buvo fiksuotos 102 M, spie¢iy masés, taciau jtraukti visi meta-
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4.2 pav. Spalvos-spalvos diagramos vaizduojancios modeliy pasiskirstymo pri-
klausomybe nuo metalingumo. Skirtingomis spalvomis atitinkamai atvaizduoti
[M/H] = —2,0 (violetiné), —1,0 (mélyna), 0,0 (zalia) ir +0,4 (raudona) metalin-
gumai. Modeliy amzius yra fiksuotas ties 1 Gyr, o masé ties 102 M. Rodyklé
rodo ekstinkcijos vektoriy, kai Ay = 1.
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4.3 pav. Spalvos-spalvos diagramos vaizduojancios modeliy pasiskirstymo pri-
klausomybe nuo amziaus. Skirtingomis spalvomis atitinkamai atvaizduoti: 10
Myr (violeting), 100 Myr (mélyna), 1 Gyr (zalia) ir 10 Gyr (raudona) modeliai.
Cia rodomi spiec¢iy modeliai, kuriy metalingumai yra nuo [M/H] = —2,2 iki
+0,4, taciau modeliniy spieciy masé yra fiksuota ties 102 M. Rodyklé rodo
ekstinkcijos vektoriy, kai Ay = 1.
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lingumai, siekiant geriau parodyti modeliy apimama erdve. Parodyty spieciy
amziai yra nuo 10 Myr (violetiniai modeliai) iki 10 Gyr (raudoni modeliai).
Didéjant modeliy amziui grei¢iausiai evoliucionuoja ir mirsta didziausios masés
zvaigzdeés, kurios turi didziausias temperaturas ir skleidzia stipria ultravioleti-
ne spinduliuote. Dél Sios priezasties didéjant amziui smarkiai sumazéja spieciy
ultravioletinés srities Sviesis ir pradeda dominuoti vésesniy zvaigzdziy spindu-
liuoté. Praéjus daugiau nei 1 Gyr likusios santykinai mazos masés zZvaigzdés
pradeda formuoti raudonyjy milziniy seka, todél stebimas spalvos Suolis tarp 1
Gyr ir 10 Gyr modeliy.

Reikia atkreipti démesj j tai, kad ekstinkcijos vektoriaus kryptis diagramose
beveik sutampa su metalingumo ir amziaus pokyc¢iy sukeltu poslinkiu. Kaip ir
ekstinkcija, didéjantis metalingumas padaro objektus raudonesnius, nes sustip-
réjusios metaly linijos dominuoja mélynojoje spektro dalyje. Kadangi amziaus
didéjimas, kaip ir metalingumas bei ekstinkcija, sukelia sistemos spalvos rodik-
lio padidéjima, visi Sie trys parametrai turi amziaus-metalingumo-ekstinkcijos
iSsigimima. Sio iSsigimimo iSnarpliojimui yra ypac¢ svarbiis ultravioletinés spin-
duliuotés stebéjimali, taciau jie yra stipriausiai paveikti ekstinkcijos, kuria gali-
ma jvertinti pridéjus ekstinkcijos silpnai paveiktus IR stebéjimus, ir tokiu budu
atkuriant objekto spektra.

4.2 Parametry nustatymas

Spieciy parametrai nustatomi lyginant jy matavimus su modeliy banku, kuris
turi apimti visa tiriama parametry erdve (Fouesneau & Langon 2010; Fouesne-
au et al. 2014). Banko modeliai yra sugrupuoti j bendrus parametrus turincius
rinkinius, vadinamus mazgais, kuriems budingas tam tikras spieciy amzius,
masé ir metalingumas. Kiekvieng mazga sudaro po 1000 modeliy, kurie ati-
tinka skirtingas IMF uzpildymo zvaigzdémis realizacijas, tokiu budu jskaitant
stochastikos efektus. Banka sudarantys mazgai apima amziaus intervala nuo
log(t/yr) = 6,6 iki 10,1 su 0,05 dex Zingsniu, mases nuo log(M/Mg) = 2,0
iki 6,5 su 0,05 dex Zingsniu ir metalingumus nuo [M/H] = —2,2 iki +0,6 su
0,2 dex zingsniu. Zvaigzdziy ryskiai apskai¢iuojami atliekant PARSEC 1,2S +
COLIBRI PR16 (Marigo et al. 2017) Zvaigzdziy izochrony interpoliacija. Sios
izochronos nejskaito fotojonizacijos efekty deél kuriy atsiranda dulkiy ir uky
emisija, kuri budinga jauniausiems spieciams.

Spieciy Sviesa paveikusi ekstinkcija yra jskaitoma modeliy lyginimo su ste-
béjimais metu, o jos eksceso vertés gali kisti nuo E(B — V) = —0,03 iki 1,0.
Neigiama ekstinkcijy verté leidziama, nes pries lyginima su modeliais visi stebeé-
jimai yra atbalinami vidutine Pauksc¢iy Tako sukeliama ekstinkcija, kuri And-
romedos galaktikos kryptimi lygi F(B — V) = 0,055 (Schlafly & Finkbeiner
2011). Deél didelio apzvalgos apimamo dangaus ploto ir nevienodo ekstinkcijos
pasiskirstymo, nukrypimai nuo naudojamos vertés gali buti reikSmingi, todél
yra leidziamos ir neigiamos jos vertés. Ekstinkcijos vertés kiekvienai fotometri-
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4.1 lentelé. Minimalios paklaidos taikomos spieciy klasifikacijai.
F275W  F336W  F475W  F814W  F110W  F160W
0,06 0,03 0,02 0,03 0,06 0,06

Pastabos. Minimalios ryskiy paklaidos priskirtos kiekvienai

FJ, kurios naudojamos atrenkant geriausiai stebéjimus atitin-
kancius spiec¢iy modelius.

nei juostai skai¢iuojamos naudojantis Cardelli et al. (1989) ekstinkcijos kreive
su standartiniu ekstinkcijos désniu Ry = 3,1.

4.2 pav. pateikti atskiry mazgy pavyzdziai, tarp kuriy amzius ir masé
sutampa, o metalingumai yra lygus [M/H] = —2,0 (violetiné spalva), —1,0
(mélyna), 0,0 (zalia) ir 0,4 (raudona). Reikia atkreipti démesj, kad kiekviena
mazga sudaro dvi sritys. Meélynesné sritis atstoja tas masiy uzpildymo reali-
zacijas, kuriose néra vélyvosios stadijos zvaigzdziy, tuo tarpu raudonesné sritis
yra labiau iSplitusi ir Siose realizacijose atsirado bent viena ar daugiau vélyvos
stadijos zvaigzdziy.

Lyginant stebéjimus su modeliais, i$§ banko atrenkami tik tie modeliai kurie
daugiamatéje erdvéje yra tam tikru atstumu nuo stebéjimy, kuris nustatomas
atsizvelgiant i matavimo paklaidas. Sis atstumas gali buti nuo 3 iki 6 karty
didesnis uz matavimy paklaidas, priklausomai nuo salygos, kad bendras atrink-
ty modeliy skai¢ius kiekvienam metalingumui siekty bent 10%. Toks modeliy
atrinkimas lemia tai, kad FJ, kurioms buvo gautos labai mazos matavimy pa-
klaidos, suteikiamas per didelis svoris, todél stipriai apribojama atrenkamy
modeliy imtis. Siekiant iSvengti Sio efekto, kiekvienai F.J buvo parinktas mi-
nimalus paklaidos dydis atliekant stebéjimy tikrinimg su modeliais. Parinktos
minimalios paklaidy vertés pateiktos 4.1 lenteléje ir paremtos matavimy sklaida
gauta 3 skyriuje.

Issami informacija apie parametry nustatymo metodika ir atliktus testus su
dirbtiniais spieciais pateikiama de Meulenaer et al. (2015a) straipsnyje. Siuo
atveju klasifikacija paremta kiekvieno mazgo tikimybés skaiCiavimu atitikti ste-
béjimus. Kiekvienam mazgui, kuriam yra atrenkamas bent vienas stebéjimus
atitinkantis modelis, apskaic¢iuojama tikimybeé, kuri yra lygi visy atrinkty mo-
deliy tikimybiy sumai. Pagal de Meulenaer et al. (2017) (2) ir (3) formules
vieno modelio tikimybé:

F 2

1 (magf steb — 1agy model)
Liodel = H —7=— &Xp | — : P} :
Y 2roy 20%

: (4.3)
¢ia F' yra naudojamy FJ skaiCius, oy — matavimy paklaida f FJ, mag g1, —
stebimas spieciaus ryskis f F.J, magy o4 — modelio ryskis f FJ. Tuomet viso

mazgo tikimybé lygi:
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N
Lmazgo (t, M,E(B -V),[M/H]) = Z Limodel,n » (4.4)
n=1

¢ia t, M, E(B—V) ir [M/H] yra mazgo amziaus, masés ir ekstinkcijos paramet-
rai, o N — atrinkty mazgo modeliy skaicius.

Tokiu budu jvertinama kiekvieno atrinkto mazgo tikimybé atitikti stebé-
jimus ir galima atsirinkti labiausiai tikétina sprendinj. Tai sukelia tam tikry
problemy, nes didziausia tikimybe turintis mazgas gali turéti tik viena, i pa-
klaidy apibrézta erdve pakliuvusj, modelj, kuris gali tiksliai atitikti stebéjimus.
Tokiu atveju atsitiktinai, dél stochastikos, vienas gerai atitinkantis modelis gali
turéti daug didesne tikimybe nei mazgas su atrinktais Simtais modeliy, kurie
turi didesnius skirtumus nuo stebéjimy. Dél Sios priezasties mes papildéme pa-
rametry gavimo metodika jtraukdami visy atrinkty mazgy modeliy parametry
bei spieciaus Zvaigzdziy CMD analize (parametry nustatymo pavyzdziai pa-
teikti 4.4 skyrelyje). Tai leidzia atmesti aiskiai tikrovés neatitinkancius spren-

dinius.

4.3 Spieciy katalogas

Spieciy parametrus nustatéme naudodamiesi 3 skyriuje gautais matavimais,
taciau dalj spieciy pasalinome i$ tolesnés analizés. Mes vizualiai atrinkome ir
pasalinome diskui nepriklausanc¢ius (kamuolinius), stipriai lauko Zvaigzdziy pa-
veiktus spie¢ius bei gravitaciskai nesusietas zvaigzdziy asociacijas. Pasalinty
spieciy pavyzdziai pateikti 4.4 pav., kuriame spiecius ID0483 yra senas ir masy-
vus kamuolinis spiecius, kurj galima atskirti pagal bendra spieciaus dydj, didele
zvaigzdziy koncentracija centre ir F'336W + F475W + F814W nuotraukoje do-
minuojancéias gelsvos spalvos zvaigzdes. 1D0929 yra jauna zvaigzdziy asociacija,
kuri neturi aiskios koncentracijos j centra ir tikétina, kad issiardys per kelis mi-
lijonus mety. ID0595 yra mazos masés spiecius, kurio melsvas pagrindinés sekos
zvaigzdes nustelbia ryskios raudonosios milzinés. Nors yra tikimybe, kad dalis
raudonosios milziniy sekos zvaigzdziy priklauso spieéiui, taciau taip pat ma-
tosi ir aplinkiniame lauke esanciy panasaus ryskio ir spalvos zvaigzdziy. Taip
stipriai paveiktam spieciui yra didesné tikimybé gauti klaidingus sprendinius ir

sunkiau iSspresti parametry issigimimus.

Perziuréjus visa spieciy kataloga, po atrinkimo i§ 1181 liko 929 spieciy imtis,
kuriems papildomai fiksavome Saulés metalinguma. Sj fiksavima grindziame
tuo, kad visi like spieciai priklauso disko populiacijai ir turi turéti metalingu-
ma artima sauliniam. Papildomo parametro pasalinimas gerokai palengvino

amziaus, mases ir ekstinkcijos nustatyma.
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masés spiecius.
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ID0001, Rr=2.00", Rc=0.60"
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w 110w .
kos, atitinkancios 3.10 pav., rodo spieciy

4.4 Nustatyti parametrai

4.4.1 Parametry nustatymo pavyzdys

Siame skyrelyje aptariamas spie¢iaus ID0001 parametry nustatymas remian-
tis integruotos fotometrijos matavimais. 4.5 pav. pateiktos spiec¢iaus ID0001
nuotraukos. Sis spie¢ius yra aikiai matomas visose FJ ir turi tankia centrine
Zvaigzdziy koncentracija. Jis yra toli nuo galaktikos centro (Zr. virSuje deSinéje
esantj intarpa), taciau arti 10 kpc ziedo, todél ji supa ir jaunos, ir senos lauko
zvaigzdés. Tai lemia, kad spieciaus Ry aperturoje (mélynas apskritimas) pro-
jektuojasi ir infraraudonojoje, ir ultravioletingje srityse ryskios zvaigzdés. Rc
apertura (raudonas apskritimas) parinkta taip, kad neapimty Zemiau ir j kaire
nuo centro esancios UV srityje ryskios lauko zvaigzdés bei zemiau ir | desine
esancios IR srityje ryskios lauko zvaigzdés. Ar gali lauko zvaigzdziy populia-
cijai priklausyti abi minétos zZvaigzdés galima spresti pagal tai, kad panasios
spalvos ir ryskio zZvaigzdziy yra spie¢iy supancéiame lauke.

4.6 pav. parodytos ID0001 spieciaus ir jo zvaigzdziy CMD. Spiec¢iy CMD fo-
ne atvaizduoti stochastiniai spie¢iy modeliai apimantys nuo 10? M, iki 106 M,
(visos vertés pateiktos priespaskutinéje diagramoje) ir amzius nuo 4 Myr iki 12
Gyr. Spieciaus zvaigzdziy CMD nubréztos izochronos nuo 10 Myr iki 10 Gyr
(visos vertes pateiktos paskutingje diagramoje) pagal kurias galima apytiksliai
ivertinti spieciaus amziy. Reikia atsizvelgti j tai, kad Siuo atveju spieciy supa
jaunos UV ryskios lauko zvaigzdés, kurios gerai atitinka 100 Myr amziaus izo-
chrona (tamsiai raudona) F160W/(F110W — F160W) diagramoje. Tuo tarpu
F814W/(F475W — F814W) diagramoje matosi, kad didzioji dalis zvaigzdziy,
kurios ir priklauso spiediui, atitinka 1 Gyr amziaus izochrona (rudos spalvos).

4.7 pav. pateiktos ID0001 spieciui pagal gauta fotometrija atrinkty mo-
deliy dvimateés histogramos, jvairioms parametry kombinacijoms. Histogramuy
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4.6 pav. Kaip ir 3.26 pav. tik ID0001 spieciui.

spalvos rodo atrinkty modeliy skaiciy tame taske. Nubréztos tiesés rodo labiau-
siai tikétinus sprendinius, mélyna — histogramy maksimuma, roziné — labiau-
siai tikéting sprendinj esant laisvam metalingumui, juoda — labiausiai tikéting
sprendinj fiksuojant Saulés metalingums. Siam spieciui laisvo ir fiksuoto meta-
lingumo sprendiniai sutampa. Gauti sprendiniai yra santykinai gerai apibrézti
visiems parametrams ir egzistuoja vienas isreikStas pikas visose histogramo-
se. ID0001 spiecCiui nustatyti parametrai tarp fiksuoto Saulés metalingumo,
laisvo metalingumo bei histogramos maksimumo i$ esmés nesiskiria ir atitinka
m =~ 2,8x 10* Mg, t ~ 900 Myr, E(B — V) ~ 0,13 mag.

Didzioji dalis atrinkty modeliy yra pasiskirste aplink labiausiai tikétina
sprendinj, taciau taip pat egzistuoja ir mazai tikétinas (pagal maza atrink-
tu modeliy skaiciy) didesneés ekstincijos (E(B — V) ~ 0,4), ta¢iau mazesnio
metalingumo ([M/H] ~ —2,0) sprendinys. Sio papildomo sprendinio atsiradi-
ma lemia jau minétas parametry iSsigimimas, tac¢iau jj galima atmesti ir pagal
maza jo tikimybe ir pagal tai, kad toks mazas padrikojo spieciaus metalingumas
yra mazai tikétinas M31 galaktikoje (Gregersen et al. 2015). Didziausi neapi-
bréztumai yra metalingumo nustatyme, kuris galéty siekti £0, 4, taciau tai yra
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4.7 pav. Spieciaus ID0001 klasifikavimo diagramos. Dvimatése histogramose
pateikti atrinkty modeliy pasiskirstymai jvairiose masés, amziaus, metalingumo
ir ekstinkcijos kombinacijose. Spalvos atitinka atrinkta modeliy skaiciy kiekvie-
name taske. Raudonesnés spalvos atitinka didesnj modeliy skai¢iy, mélynesnés
— mazesnj, o baltose srityse nebuvo atrinktas nei vienas modelis. Nubréztomis
tiesémis atvaizduoti gauti sprendiniai: meélyna punktyriné atitinka histogramuy
maksimuma; roziné istisiné — labiausiai tikéting sprendinj jtraukus 4.4 formu-
léje gautus svorius; juoda taskuota — labiausiai tikéting sprendinj fiksuojant
Saulés metalinguma (Siuo atveju sutampa su rozine linija).
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4.8 pav. Nustatyty amziy (a), masiy (b) ir ekstinkciju (c) histogramos spie-
¢iams su fiksuotais Saulés metalingumais.

ypac geras rezultatas naudojantis placiajuoste fotometrija. Pavienius modelius
iSsibars¢iusius po diagramas galima paaiskinti tuo, kad jie buvo atrinkti dél
stochastikos sukelto pasiskirstymo placioje ryskiy erdvéje.

4.4.2 Katalogo analizé

4.8 pav. a) skydelyje parodyta nustatyty amziy histograma visiems klasifikuo-
jamiems spiec¢iams, esant fiksuotam Saulés metalingumui. Spieciy skaiciaus
pikai esantys ties, ~ 30 Myr, ~ 80 Myr ir ~ 250 Myr gali atspindéti galaktiko-
je buvusius zvaigzdédaros zybsnius. Didelis skai¢ius jauniausiy 4 Myr amziaus
spieciy apima ne tik gravitaciskai susietas zvaigzdziy sistemas, bet ir zZvaigz-
dziy asociacijas, kurios iSsiardys per kelis milijonus mety. Tuo tarpu stipriai
sumazeéjes spieciy skaicius ties 10 Myr gali atspindéti jauny spiec¢iy mirtinguma
(angl. infant mortality, Zr. Krumholz et al. 2019), arba stipriai susilpnéjusia
zvaigzdédara galaktikoje po Zybsnio pries ~ 30 Myr. Stipriai sumazéjusj se-
nesniy nei 1 Gyr amziaus spieciy skaiciy galima paaiskinti spie¢iy suardymu,
kurj sukelia saveika su kitais galaktikos objektais, pavyzdziui, su masyviais
molekuliniais debesimis.

Tiriamy spieciy masés (b skydelis) yra nuo 10?2 M, iki 10° M), ta¢iau didzio-
ji dalis spie¢iy turi mases iki 10* M. Statistiskai gamtoje turéty daugiausiai
susiformuoti mazos masés spieciy, tac¢iau ju maza skaic¢iy musy imtyje lemia du
pagrindiniai faktoriai: mazos masés spieciai yra nedidelio Sviesio, todél ne visi
jie aptinkami, ypa¢ centrinése galaktikos dalyse; nuo masés priklauso suardy-
mo tikimybé (angl. mass-dependant disruption 7zr. Krumholz et al. 2019). Dél
Siy priezaséiy ilgiausiai iSgyvena ir daugiausiai aptinkami didesnés maseés spie-
¢iai, todél masiy skirstinys ties mazomis masémis yra labai paveiktas selekcijos
efekty.

c) skydelyje atvaizduota suminé PT (E(B—V)pt = 0,055) ir M31 galaktikos
ekstinkcija. Gautas skirstinys parodo kiek stipriai spieCiaus $viesa yra paveikta
tarpzvaigzdiniy dulkiy sugerties ir sklaidos. Ekstinkcijos vertés gali stipriai
svyruoti priklausomai nuo to ar spieCius yra uz ar pries galaktikos diska ir
jame esancius dulkiy debesis. Taip pat didesnes ekstinkcijos vertes turés arti
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4.9 pav. Spiediy masés (a) ir ekstinkcijos (b) veré¢iy priklausomybé nuo am-
ziaus. Simboliy dydziai rodo persiklojanciy spieciy skaic¢iy. Juodos linijos rodo
spieciy aptikimo ribas ties absoliutiniais ryskiais Mps755 = —2 mag (iStisine)
ir —3 mag (punktyrineé).

zvaigzdédaros sri¢iy esantys spieciai, kuriose yra didziausias molekuliniy debesy
skaicius.

4.9 pav. parodytos nustatyty spie¢iy masés (a) ir ekstinkcijos (b) verciy
priklausomybés nuo amziaus. Simboliy dydziai rodo tame paciame taske persi-
klojanciy spieciy skaiCiy. Jauniausi spieciai dazniausiai yra didelés zvaigzdziy
asociacijos, kuriy zvaigzdés tarpusavyje silpnai susietos. Juy maseés siekia iki
10* My, o didZiosios dalies maziau nei 10°> Mg, ir gerokai skiriasi nuo seniau
susiformavusiy spie¢iy, kuriy didelés dalies masés virsija 102 My. Sis masiy
skirtumas gali reiksti, kad zvaigzdédara M31 galaktikoje buvo daug aktyvesné
pries 1 Gyr ir senesniais laikotarpiais, o dabar yra gerokai sulétéjusi. Vienas is
masyviausiy spie¢iy musy imtyje yra ID0226 (4.10 pav.), kurio masé yra panasi
1 kamuolinio spieciaus, taciau melsva zvaigzdziy spalva rodo santykinai jaung
amziy.

Kaip minéta anksciau, spieciy skai¢iaus sumazéjimas ties 10 Myr, lyginant
su paciais jauniausiais spieciais, gali rodyti ju mirtinguma ir iSsiardyma palikus
dujy debesis, kuriuose jie formavosi. Atsiradusia spiec¢iy masiy priklausomybe
nuo amziaus ir mazos masés bei seny spie¢iy trukuma (grafiko apatinéje de-
sinéje dalyje), galima paaiskinti selekcijos efektais, kuomet spieciams senstant
mazéja jy Sviesis ir juos tampa vis sunkiau aptikti. Sig priklausomybe gerai
atspindi juodomis linijomis parodyta spie¢iy modeliy, kuriy absoliutiniai rys-
kiai F475W FJ yra lygus —2 mag (iStisiné) ir —3 mag (punktyriné), aptikimo
ribos priklausomybé nuo spiec¢iaus amziaus ir masés. Taip pat laikui bégant vis
stipriau turéty pasireiksti nuo spieciaus masés priklausantis ardymas, kuris gali
salygoti seny ir mazos masés spieciy trukuma. Sankaupa ties vidutiniu amziu-
mi (~ 100 Myr) ir maza mase (~ 100 Mg) yra sudaryta i§ daugiausiai stipriai
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ID0226, Rr=6.50", Rc=1.40" -

F275W+F336W+F475W

4.11 pav. Kalp ir 3. 10 pav tlk parodytas Jaunas splecms 1D1820, kur; supa
jauny zvaigzdziy jonizuotas ukas.

koncentruoty spieciy arba spieciy, kuriy aperturose projektuojasi raudonos fo-
no zvaigzdés ir dél mazos masés jiems tai turi ypac¢ didele jtaka parametry
nustatymui, tokiu budu dirbtinai padidinant jy amziy.

b) skydelyje parodytoje ekstinkcijos priklausomybéje nuo amziaus, didesné
ekstinkcija yra budinga jauniems spiec¢iams, kurie yra zvaigzdédaros srityse tu-
rinciose didelius kiekius tarpzvaigzdiniy debesy. Tai gali rodyti, kad Sie jauni
spieciai ir asociacijos dar néra palike dujy debesy kompleksy, kuriuose formavo-
si, pvz. jauna spie¢iy ID1820 (4.11 pav.) supa tukas. Tuo tarpu senesni spieciai
dél migracijos yra pasklide placiau po galaktika ir tikimybé buti uzdengtiems
tarpzvaigzdiniy dulkiy yra mazesné. Maziausios ekstinkciju vertés yra budin-
gos tik spieciams senesniems nei 30 Myr ir gali atspindéti laiko tarpa per kurj
jauni spieciai arba palieka arba issklaido aplinkinius debesis.

Tiriamy spieciy skaic¢iaus pasiskirstymas pagal amziy ir mase pavaizduotas
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4.12 pav. Spiediy skaid¢iaus priklausomybeé (juodi apskritimai) nuo amZiaus
(a) ir masés (b). (a) skydelyje mélyna punktyriné linija rodo aptinkamy spie-
¢iy skaiciaus mazéjima jiems senstant ir darantis vis blausesniais, o raudona
taskiné linija — spie¢iy skaiCiaus mazéjima dél aplinkos sukelto ardymo (pagal
Boutloukos & Lamers 2003; Gieles 2009). (b) skydelyje punktyriné linija atitin-
ka Schechter funkcija (Gieles 2009), kurios charakteringa masé lygi 5 x 10 M.

4.12 paveikslélyje. Pasiskirstyme pagal amziy (a skydelis) mélyna punktyriné
linija rodo aptinkamy spiec¢iy skaic¢iaus mazéjima jiems senstant, nes dél ma-
zé€jancio Sviesio jie patenka uz aptikimo ribos. Matosi aiskus skirtumas tarp
jauniausio tasko ir sekancio po jo, kuris yra mazesnis uz senesnius taskus, o
tai galima paaiSkinti sumazéjusia Zvaigzdédaros sparta, selekcijos efektais bei
jaunuy spie¢iy mirtingumu. Lyginant tasky pasiskirstyma su linija, rodancia
spieCiaus skai¢iaus mazéjima dél amziaus, matomi visi trys 30, 80 ir 250 Myr
amziaus zvaigzdédaros suaktyvéjimai. Tuo tarpu ties didesniais nei ~ 500 Myr
amziais spie¢iy skaic¢ius pradeda mazéti daug sparciau nei numatoma dél selek-
cijos efekty. Raudona taskine linija atvaizduotas spieciy skaiciaus pokytis dél
spie¢iy ardymo, kuris priklauso nuo spieéiy masés (pagal Boutloukos & Lamers
2003; Gieles 2009). Ardymo modeliavimas pagristas prielaida, kad tam tikros
masés spiecius ties tam tikru amziumi yra iskart iSardomas, todél mazesnés
maseés spieiai iSgyvena trumpesnj laiko tarpg uz masyvesnius. Ardymas, ly-
ginant su spiec¢iy skai¢iaus mazéjimu dél blausimo, paaiskina spiecéiy skaiciaus
mazéjima ties 2 500 Myr amziais.

Spieciy skaic¢iaus pasiskirstymas pagal mase pavaizduotas (b) skydelyje rodo
staigy didelés masés spieciy skaic¢iaus mazéjima. Musy priderintos Schechter
funkcijos (Gieles 2009) charakteringa masé lygi Mo = 5 x 10*Mg. Tai yra
didesné verté nei gauta Johnson et al. (2017, 8,5 x 10 M), bet mazesné nei
pietvakarinéje galaktikos dalyje gavo Vansevicius et al. (2009, 2,0 x 10° Mg).
Skirtuma, lyginant su Johnson et al. (2017) rezultatu, galima paaiskinti tuo,
kad jie analizavo tik jaunesnius nei 300 Myr amziaus spiecius, tuo tarpu musy
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imtis apima ir didesnius nei 1 Gyr amzius, kai galaktikoje galéjo vykti daug
spartesné zvaigzdédara ir susiformuoti didesnés masés spieciai. Didzioji dalis
spie¢iy, pavaizduoty 4.9 pav. ir turinéiy didesne nei 10* Mg mase, yra senesni
nei 300 Myr. Skirtuma, lyginant su Vansevi¢ius et al. (2009) rezultatu, galima
paaiskinti, tuo, kad juy spieciy imtis dél selekcijos efekty apémé tik didesnés
maseés spiecius, todél luzio taskas ties mazesnémis masémis gali buti neisskirtas.

4.13 pav. pavaizduoti spieciy erdviniai pasiskirstymai skirtinguose amziy
intervaluose. Reikia atkreipti démesj j tai, kad apsisukimo periodas, ties 10 kpc
ziedu, yra apie 250 Myr, todél jauni spieciai yra arti savo formavimosi sriciy,
tuo tarpu senesniy spieciy pasiskirstymas vis stipriau yra paveiktas migracijos.
Taip pat reikia atkreipti démesj, kad naudojamos apzvalgos duomenys apima
tik ribota galaktikos dalj (7r. 3.1 pav.).

ISoriniame Zvaigzdedaros ziede yra daug jauniausiy spieciy (a skydelis), taip
pat didelis ju skaicius, Sioje srityje, susiformavo pries 45 —140 Myr (d skydelis),
taciau zvaigzdédara buvo beveik uzgesusi 6 — 45 Myr laikotarpiu ir vyko tik
santykinai mazose srityse. Suintensyvéjusj spieciy formavimasi jauniausiuose
amziuose galima paaiskinti ir tuo, kad iSoriniame ziede daugiausiai formuo-
jasi gravitaciskai nesusietos zvaigzdziy asociacijos, kurios senesniuose amziy
intervaluose jau yra issiardziusios. Srityje tarp iSorinio ir 10 kpc ziedo spieciai
beveik nesiformuoja pastaruosius 140 Myr, o senesni spieciai ten galéjo atsirasti
dél migracijos arba dél toje srityje seniau vykusios zvaigzdédaros. Tuo tarpu
srityje tarp 10 kpc ir vidinio ziedo spieciy néra beveik visuose laikotarpiuose.
Taip pat reikéty atkreipti démesj i zvaigzdédaros zybsnj jvykusj pietrytinéje ti-
riamojo lauko dalyje pries 45 — 140 Myr (d skydelis), kurj rodo gerokai isauges
spieciy skaicius toje srityje. Tai gali rodyti, kad zvaigzdédaros suintensyvéjimas
matomas visoje galaktikoje galéjo buti sukeltas jvykusios saveikos toje srityje.

Auksta duomeny kokybé leidzia tirti platy spie¢iy masiy ir amziy intervalg
dideléje galaktikos srityje. Miusy gauti rezultatai rodo, kad M31 galaktikoje
zvaigzdédara periodiskai suintensyvéja, o spieciai pastaruosius 500 Myr beveik
iSimtinai formavosi $iuo metu matomuose dujuy ir dulkiy zieduose.

4.5 Nustatyty parametry palyginimas

4.14 pav. lyginami musy gauti spieCiy parametrai su kitomis publikacijomis.
Desiniame stulpelyje (a-c skydeliai) lyginami musy ir de Meulenaer et al. (2017)
gauti tos pacios spie¢iy imties amziai, maseés ir ekstinkcijos. de Meulenaer et al.
(2017) naudojo ta pacia spie¢iy parametry nustatymo metodika, taciau rémeési
Johnson et al. (2015) publikuotais spie¢iy ryskiais bei naudojosi spie¢iy ban-
ku sugeneruotu pagal senesnes izochronas. Abiem atvejais visiems spieciams
yra fiksuotas Saulés metalingumas. Nors egzistuoja bendras amziaus propor-
cingumas, taciau taip pat yra sistematinis poslinkis, rodantis senesnius musy
gautus spiec¢iy amzius. Sistematinius pokycius gali sukelti naudojamos naujos
izochronos, kurios lyginant su senesniu variantu, naudotu de Meulenaer et al.
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4.13 pav. Spieciy erdvinis pasiskirstymas jvairiuose amziy intervaluose. In-
tervalai parinkti pagal spieciy skaic¢iaus skirstinj gauta amziaus histogramoje
(4.8 pav.) ir apima spiefiy skai¢iy maksimumus arba minimumus, atspindin-
¢ius skirtingas zvaigzdédaros epochas galaktikoje. Siauré yra nukreipta j virsy,
o rytai i kaire.
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4.14 pav. Spieciy parametry palyginimas su de Meulenaer et al. (2017, kairéje)
ir Johnson et al. (2016, desinéje) rezultatais. Lyginami amziai (virSutiné eiluté),
maseés (vidurineé eiluté), ekstinkcijos (apatiné eiluté). Dél lengvesnio palyginimo
Johnson et al. (2016) parametrai yra silpnai patriuksminti. Simboliy dydziai
rodo persiklojusiy spieciy skaiciy.
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(2017), skiriasi ir pagrindinés sekos ir vélesniy evoliucijos stadiju srityse. Blo-
giausiai sutampa ekstinkcija, kuri beveik nekoreliuoja. Tai gali lemti pagerinti
fotometriniai duomenys, kuriuose néra lauko zvaigzdziy efekty, apsunkinanciy
ekstinkcijos nustatyma. Ekstinkcijos nesutapimas ir amziaus-ekstinkcijos is-
sigimimas lemia padidéjusj amziy iSsibarstyma nuo ~ 100 Myr iki ~ 1 Gyr.
Spieciy masé daugiausiai priklauso nuo integruoto spieciaus ryskio, todél gau-
namas geras sutapimas, ypac¢ didelés masés spieciams. Didziausi masiy skir-
tumai yra zvaigzdziy asociacijoms, kurioms buvo pakeistos centro koordinatés
bei apertury dydziai, stipriau apribojantys i jas jeinanc¢iy zvaigzdziy skaiciy.

4.14 pav. deSiniame stulpelyje (d-f skydeliai) lyginami musy nustatyti spie-
iy parametrai su Johnson et al. (2016) rezultatais, kuriuos jie gavo naudoda-
miesi Williams et al. (2014) zvaigzdziy katalogu ir sudarydami spieiy zZvaigz-
dziy CMD. Jie nustaté spieciy amzius iki 300 Myr, nes PHAT duomeny tikslu-
mo neuztenka iSskirti senesniy zvaigzdziy populiacijy postkio tasko, kuris rei-
kalingas tiksliam amziaus jvertinimui. Visy spiec¢iy metalingumai yra fiksuoti
ties Saulés vertémis. Tarp nustatyty amziy taip pat egzistuoja sistematinis
amziy poslinkis, kuris lemia pas mus nustatytus senesnius amzius. Reikia at-
kreipti démesj, kad daliai spieciy, kuriems mes nustatéme jauniausius amzius
(4 Myr), Johnson et al. (2016) nustaté amzius siekiancius kelis Simtus Myr.
Tokie skirtumai budingi mazos masés spie¢iams, kuriy aperturose projektuo-
jasi raudonos lauko Zvaigzdés ir atitinka 4.9 pav. a) skydelyje esancius mazos
masés (~ 100 Mg) ir senesnius (> 30 Myr) spiecius. Ekstinkcijos vertés tarp
ju ir musy rezultaty yra proporcingos, nors turi didele sklaida, o blogiausi
atitikimai taip pat budingi mazos masés spiec¢iams, kuriy matavimai paveikti
raudony lauko Zvaigzdziy ir tai lemia didesnes gautas vertes. Spiec¢iy masés
tarp musy ir juy rezultaty yra proporcingos, o didele sklaida gali lemti tai, kad
Johnson et al. (2016) turéjo ekstrapoliuoti neaptikty zZvaigzdziy skaiciy pagal
IMF atsizvelgdami tik j nedidelj masyviausiy zvaigzdziy skaiciy.

Palyginimas su kity autoriy rezultatais rodo, kad maziausios masés spieciy
parametrai gali buti nustatomi naudojantis aperturing fotometrija, tik tokiais
atvejais, kai jie yra neuztersti lauko zvaigzdémis. Mazos maseés, o tuo paciu ir
mazo Sviesio spie¢iams, net ir viena lauko zvaigzdé gali turéti didele jtaka nu-
statomiems parametrams, tuo tarpu didesnés masés spieciai yra maziau jautrus
siam efektui.
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5 skyrius

Aplinkos jtaka spieciy formavimuisi

5.1 Ivadas

Galaktikose, kuriose nevyksta intensyvi zvaigzdédara, vadinama zvaigzdédaros
Zybsniu (angl. starburst), tik 1 — 3% molekulinio debesies dujuy virsta Zvaigz-
démis per jiems budinga dinaminj laika (McKee & Ostriker 2007; Krumholz &
Tan 2007; Krumholz et al. 2012a). Prasidéjus zvaigzdédarai molekuliniy debe-
sy gyvavimo laikotarpis priklauso nuo jy dydzio, maziausi 1 — 3 pc spindulio
debesys gali buti iSardomi per 1 — 3 Myr dél atsiradusio zvaigzdziy griztamojo
rySio (Allen et al. 2007; Hartmann et al. 2001), tuo tarpu didziausi molekuliniai
debesys gali iSgyventi iki 30 Myr (Williams & McKee 1997; Kawamura et al.
2009; Dobbs & Pringle 2013). Nors tarpZzvaigzdiniy debesy gyvavimo trukmes
gali stipriai skirtis, taciau taip pat skiriasi ir juy dinaminis laikas, kuris apibré-
ziamas kaip debesies dydzio ir duju grei¢iy dispersijos santykis. Tai lemia, kad
tik maziau nei 10% debesies masés tampa zvaigzdémis (Williams & McKee
1997; Hartmann et al. 2001; Kawamura et al. 2009; Dobbs & Pringle 2013).
Esant mazam Zvaigzdédaros efektyvumui didzioji dalis debesyje susiformuo-
janciy spieciy iSsiardo netrukus po molekulinio debesies suardymo (Krumholz
et al. 2019). Tai atsitinka todél, kad didzioji masés dalis, kuri gravitaciskai
laiko dujas ir zvaigzdes gali buti pasalinama pvz. jvykus supernovos sprogimui
ir dél sumazéjusio gravitacinio potencialo zvaigzdziy spiecius iSsisklaido. Mole-
kuliniy debesy modeliai rodo, kad zvaigzdédaros efektyvumas debesyje turéty
siekti apie 10 — 30% norint, kad iSsisklaidzius debesiui neiSsiardyty ir spie¢ius
(Geyer & Burkert 2001; Baumgardt & Kroupa 2007). Sios salygos gali biiti
patenkinamos tankiausiose molekulinio debesies srityse, kuriose dinaminis lai-
kas trumpesnis, todél formuojasi stipriau gravitaciskai suristos zvaigzdés, nors
bendras debesies Zvaigzdedaros efektyvumas gali islikti mazas (Kruijssen 2012,
2013). Didziausi debesys, kuriy masé siekia daugiau nei 7x10° M, gali atlaikyti
zvaigzdziy griztamaji rysi (véjus bei fotojonizacija) ir tokiu budu suformuoti di-
deles zvaigzdziy koncentracijas turinéius kamuolinius spiec¢ius (Kroupa & Boily
2002; Bressert et al. 2012). Tuo tarpu maZesnés masés molekuliniuose debe-
syse zvaigzdédara turéty buti daug efektyvesné, kad suformuoty tokios didelés
masés ir koncentruotus spiecius (Escala & Larson 2008; Larsen 2010).
Manoma, kad zvaigzdédaros sparta debesyje valdo savireguliacija atsiran-
danti tarp debesj ardancio zvaigzdziy griztamojo rysio bei debesies savigravi-
tacijos (Thompson et al. 2005). Dél Sios priezasties molekulinj debesj veikiant
iSoriniu slégiu galima padidinti jame vykstancios zvaigzdédaros sparta, o tuo
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paciu ir efektyvuma (Zubovas et al. 2013). Padidéjes iSorinis slégis gali ne
tik padidinti zvaigzdédaros sparta jau zvaigzdes formuojanciame debesyje, bet
ir ja pradéti iki tol nekolapsuojanciuose debesyse (Maji et al. 2017; Renaud
2018). Norint teoriniais modeliais patikrinti iSorinio slégio jtaka molekuliniuo-
se debesyse vykstanciai zvaigzdédarai, reikia detaliy individualiy debesy mode-
liy, kurie $iuo metu yra labai supaprastinti galaktinius mastelius apimanciuose
modeliuose.

5.2 Aplinkos slégio jtaka

Molekulinius debesis supancios tarpzvaigzdinés erdvés slégis gali priklausyti
nuo jvairiy veiksniy: jauny masyviy zvaigzdziy spinduliuotés, supernovy su-
keltos smuginés bangos, saveikos su kitomis galaktikomis (Ricker 1998) bei
aktyvaus galaktikos branduolio (Gaibler et al. 2012; Zubovas & King 2012).
Spinduliuotés ar smuginés bangos sukeltas aplinkos slégio padidéjimas gali ap-
gaubti tankiausias dujy sankaupas debesyje, jas suslégti ir tokiu budu padidinti
dujuy tankius. Tai lemia didesnj zvaigzdédaros efektyvuma ir stipriau gravita-
ciskai suristas spieciaus zvaigzdes, todél tai yra butina salyga norint suformuoti
masyvius kamuolinius spie¢ius (Elmegreen & Efremov 1997).

5.2.1 Teorinis pagrindimas

Ivertindami iSorinio slégio jtaka GMC evoliucijai mes darome prielaida, kad jo
masé yra lygi 10> Mg. Tokia debesy masé yra tipiska Paukséiy Takui nors
labiau atitinka didesnés masés debesis (Roman-Duval et al. 2010). Remiantis
Larson (1981) ir Solomon et al. (1987) debesy dydzio priklausomybeémis, to-
kios masés debesies skersmuo turéty siekti apie 17 pc, todél dél paprastumo
debesies spindulj prilyginome R = 10 pc. Tai lemia, kad debesies pavirsinis
tankis siekia Y. ~ 318 My pc~2. Grei¢iy dispersija debesyje turéty siekti
32kms™! < oy < 4,2km s !, todél charakteringa dujy turbulencijos greitj
prilyginome o4 = 3,6 km s~1, kuris yra pakankamas atsverti dujy savigravi-
tacijai. Uzdavinio supaprastinimui laikome, kad debesis yra sferiskai simetris-
kas ir tolygaus tankio.

Auksciau isvardintus parametrus turincio debesies savigravitacijos energija

yra lygi:

ep ~ 3CM 2,5 x 10" M5 Ry erg g™t (5.1)

5 R

¢ia Ms = M/10° Mg ir Rio = R/(10 pc). Debesies virialiné temperatiira lygi
Toir ~ 3800M5Rf()1 K ir yra daug didesné uz molekuliniams debesims budingus
T ~ 10 K. Siuo atveju nuo gravitacinio kolapso debesj iflaiko turbulentinis
medziagos judéjimas, kuris pasiekia virsgarsinius greic¢ius. Turbulencijos greiciy
dispersija debesyje siekia

3 GM 1/2 p,—1/2 _
Tt~ \| 15 ~3,6M.)*Ryy/* km s~ 1. (5.2)
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Tokio debesies efektyvusis dinaminis slégis:

2
Pgrav ~ PO turb
ky, ky,

=nTy ~ 1,4 x 10 MZR;' K cm ™3, (5.3)

Ga p~ 1,6 x 10721 M5R;3 g em™3 ir n ~ 380 MsR;; cm ™ atitinkamai yra
masés ir atominis tankis debesyje.

Pagal (5.3) formule galima spresti, kad kol tarpZvaigzdinés medZiagos su-
pancios debesj slégis yra mazesnis nei Pigy/kp, < 1,4 x 10 K cm ™3, tuomet jis
neturi jtakos debesies evoliucijai. Tai atitinka ,normalias“ salygas nesaveikau-
janciose diskinése galaktikose, kuriose Pisy/kp < 10° K em™3 (Wolfire et al.
2003). Tuo tarpu jei pasiekiamas didesnis aplinkos slégis, tuomet debesis yra
suspaudziamas ir gali buti paspartinamas jo kolapsas.

5.2.2 Stacionarus atvejis

Jei aplink molekulinj debesj slégis padidéja izotropiskai, tuomet jis yra suspau-
dziamas visomis kryptimis tolygiai. Tai gali neatitikti realybés, nes aplinkos
sléegio padidéjima dazniausiai sukelia smuginé banga, kuri juda dideliu greic¢iu
debesies atzvilgiu. Taciau Sig prielaida galima pagristi jei debesis juda pana-
sia kryptimi ir greic¢iu kaip ir smuginé banga. Taip pat tai yra paprasciausias
atvejis, kuris leidzia nagrinéti aplinkos slégio jtaka debesiui. Veikiant aplinkos
spaudimui, debesyje didéja vidiné trubulencijos greiciy dispersija, kuria galima
isreiksti papildzius 5.2 formule:

[3GM Py
L ; 5.4
Oturb 10 R + el ’ ( )

greic¢iy dispersijos padidéjima galima iSreiksti ir per aplinkos bei debesies slégiy

santykij:

nism 1] _
Ot = Orurbr | 1+ o ISM 40 302 RIPPY 2 ks, (5.5)
nTvir
¢ia nigvm ir Tism atitinka supancios aplinkos tankj ir temperatura, o P; =
Pisnm/ (107kb K cm’3). Spaudziamo debesies efektiné dinaminé laiko skalé to-
kiu atveju yra

—1/2
oty Tturb _ t <1 4 nISMTISM> / (5.6)
dyn yn O—éurb yn nTvir ’

¢ia tqyn ~ 1,7TMy Y 2R%2 Myr oglib yra dinaminé debesies laiko skalé.

Atsiradus padidéjusiam iSorés slégiui debesies viduje susidaro smuginé ban-
ga, kuri juda radialine kryptimi link debesies centro greiciu (zr. Jog & Solomon
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1992; Spitzer 2008)

<PISM ) 1/2
Ush ~
Pecl

¢ia paskutiné lygybé galioja tuo atveju jei Pigy >> Perayv. Laikas, kuris dar va-

PISM 1z
~ () Cs,ISM ™~ Uéurb’ (57)
Pel

dinamas debesies suspaudimo laiko skale (Klein et al. 1994), reikalingas smu-
ginei bangai pasiekti spieciaus centra, atitinka dinamine debesies laiko skale
t/dyl'l
skalé tampa ilgesné nei dinaminé ir spaudimas neturi didelés jtakos debesies

tuo atveju jei Pism > Pgrav. PrieSingu atveju debesies suspaudimo laiko
evoliucijai.

Smuginé banga sklisdama debesyje pakelia dujy temperatura:

ShclMyp o NEPISM

T ~
B ok 0T 16 pa

Tism- (5.8)
Jei tarpzvaigzdinés medziagos slégis lygus Prsy/ks = 107 K em ™3, tuomet
dujy temperatura praéjus smuginei bangai pasickia Ty, ~ 2 x 10 K. Siuo
atveju laikome, kad visa laika dujos islieka molekulinéje busenoje, kadangi
temperatiiros padidéjimas néra pakankamai didelis visiskai isardyti Hy ar CO
molekules. Po smuginés bangos dujy tankis yra lygus ng, = 4n) (pagal stiprios
smuginés bangos aproksimacija) ir naudojantis ausimo funkcijos aproksimacija
is McKee & Cowie (1977, 1 lentelé), gauname, kad duju vésimo laikas tcoo1 ~
400 yr < tijn. Tai leidzia daryti prielaida, kad praéjus smuginei bangai dujos
netrukus atvésta ir pasiekia tankj lygu (zr. Jog & Solomon 1992):

Nfinal ~ E&nd ~ Plﬂncl ~ 2.7 % 1O3P7M5_1R10 cm 2. (5.9)
3 Tvir Pgrav
Tai lemia ~ 7 kartus padidéjusj vidutinj debesies tankj, dél kurio Dzinso ilgis
ir masé suspaustame debesyje sumazéja ~ 2,6 karto, jei laikome, kad dujy
temperatura iSlieka nepakitusi. Tai lemia, kad debesyje gali pradéti kolapsuoti
ir formuoti zvaigzdes mazesnio pradinio tankio dujy gumulai ir tokiu budu
padidéti zvaigzdeédaros efektyvumas.

5.2.3 Erdveje judantis debesis

Jei debesis yra suspaudziamas judancios smuginés bangos, kurios judéjimo grei-
tis via4 yra palyginamas su debesies garso grei¢iu, tuomet Slytis turés jtakos
debesies evoliucijai. Realiomis salygomis tiesioginé saveika tarp smuginés ban-
gos ir GMC nevyksta, dél debesj supancio §ilto atominio vandenilio apvalkalo.
Debesj supantis apvalkalas sugeria ir issklaido didziaja dalj smuginés bangos
energijos, todél debesyje atsiradusiai smuginei bangai nebegalioja sferiné ap-
roksimacija. Smuginés bangos greitis debesies priekyje, statmenai jo pavirsiui
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yra lygus:

1/2
1/2
Ush,lat ™~ (p;SiVI> (CE,ISM + ’UIQM) / . (510)

Kitomis kryptimis jis yra mazesnis, ta¢iau nenukrenta zemiau vg, (5.7 formulé).
Smiuginé banga debesj isardo per laiko skale:

R —1/2
tdestr ~ A— (pISM> ) (511)
Vlat Pecl

Cia A yra daugiklis, kurio verté apytiksliai lygi 1,6 (Klein et al. 1994; Agertz
et al. 2007). Naudojantis Sia lygtimi bei efektine dinamine debesies laiko skale
R/vgn 1at galime jvertinti spaudimo jtaka debesyje susiformuojanciy zvaigzdziy

suminei masei:

tdestrvsh,lat

R

2 2
(CS,ISM + Viat

Vlat

M*Jat ~ G*ﬁM
)1/2 (5.12)
> AE*’HM.

~ Ae, g M

Gautas rezultatas rodo, kad nors debesis galiausiai yra sunaikinamas Slyties,
tac¢iau bendra susiformavusiy Zvaigzdziy masé yra didesné nei iSorinio slégio
nepaveikto debesies. Imant stacionaraus debesies atvejj, kuomet CE,ISM Jvi, =
5, §is santykis siekia ~ 2.5A ir zZvaigzdédaros efektyvumas debesyje gali virsyti
10% iki debesies issiardymo.

5.2.4 Spieciy evoliucija auksto slégio aplinkoje

Siuo metu manoma, kad zvaigzdédaros trukme GMC apriboja susiformavusiy
zvaigzdziy sukeltas griztamasis rySys (Krumholz et al. 2019), taciau néra iki ga-
lo suprasta, kurie veiksniai turi didZiausia jtaka. Bressert et al. (2012) pasiuleé,
kad didelés masés spieciai formuojasi molekuliniuose debesyse, kuriuose pa-
bégimo greitis yra didesnis uz jonizuoty duju garso greitj (cpm ~ 10 km/s).
Sia kritinés masés salyga tenkina molekuliniai debesys, kuriy masé siekia
My ~ 7 x 108 Mg, todél jy gravitacija islaiko fotojonizuotas dujas (Krou-
pa & Boily 2002; Krumholz & Matzner 2009). Jei tokio debesies neveikty jokie
kiti zvaigzdédara stabdantys procesai, tuomet zvaigzdédaros efektyvumas juose
galéty siekti keliasdesimt procenty. Manoma, kad tokie masyvus debesys gali
buti sunaikinami jauny zvaigzdziy sukeliamo spinduliuotés slégio (Krumholz &
Matzner 2009; Fall et al. 2010; Murray et al. 2010) ir tokiu budu nepasiekti
didelio zvaigzdédaros efektyvumo, taciau sio efekto svarba debesies evoliucijai
dar néra tinkamai jvertinta (Krumholz & Thompson 2012, 2013).

Bet koks procesas, kuris suardo debesj ir sustabdo jame zvaigzdédara, turi
nugaléti ji laikancias jégas. Izoliuotu atveju tai atitinka savigravitacijos jéga,
o iSorinis slégis tuo tarpu veikia kaip papildoma jéga, trukdanti dujoms pa-
bégti ir iSsisklaidyti debesiui. Fotojonizacijos atveju debesis negali iSsiplésti ir
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issisklaidyti, jei bendra savigravitacijos ir aplinkos slégio jéga yra didesné nei
Peyit ~ pachy = 1,6 x 10*9M5R1_03 erg cm 3. Pasitelkiant anks¢iau naudotus
debesies parametrus, tam reikalingas aplinkos slégis yra:

Pism = par (G — 0pupp) =~ 1,4 x 1079 erg em ™2, (5.13)
kas atitinka P
BSM —9.9x 105 K cm ™. (5.14)
b

Gauta salyga atitinka pusiausvyra tarp jauny zvaigzdziy fotojonizacijos su-
kelto kaitinimo bei jy sukelty véjy ir iSorinio slégio, kuris neleidzia debesiui
igsisklaidyti. Sis rezultatas rodo, kad esant iSoriniam slegiui debesis iSgyvena
ilgesnj laiko tarpa lyginant su izoliuotais debesimis. Dél Sios priezasties debe-
syse yra pasiekiamas didesnis zZvaigzdédaros efektyvumas, net jei zvaigzdédaros
efektyvumas per dinaming laiko skale (eg ) islieka toks pats. Esant iSoriniam
slégiui net ir santykinai mazos masés molekuliniai debesys gali pasiekti didelius
zvaigzdédaros efektyvumus ir suformuoti stipriai gravitaciskai suristus spiecius.
Panasy rezultata gavo ir Elmegreen & Efremov (1997), kurie parodé, kad esant
dideliam iSoreés slégiui susiformavusiy kamuoliniy spieciy zvaigzdés yra stipriau
tarpusavyje suristos, todél laikui bégant praranda maziau maseés.

5.2.5 Apibendrinimas

Atlikta analizé rodo, kad aplinkos slégis molekuliniams debesims turi tris pag-
rindinius efektus:

1. Debesies suspaudimas sumazina jo efektine dinaminio laiko skale ir pa-
greitina fragmentacija bei zvaigzdédary. Sis efektas turéty nepriklausyti
nuo isorinio slégio kilmeés, slégio padidéjimo laiko skalés ar atsiradusios
Slyties tarp debesies ir jo aplinkos.

2. Atsiradusi smuginé banga debesyje juda i$ iSorés link centro. Praéjus
smuginei bangai medziagos tankis toje debesies vietoje padidéja ~ 7
kartus, todél susidaro zvaigzdédarai palankios salygos. Tai lemia, kad
iSorinio slégio paveiktuose debesyse zvaigzdés formuojasi greiciau ir ju
susiformuoja daugiau, nes sutrumpéja dinaminé laiko skalé lyginant su
nepaveiktais debesimis. Smuginé banga debesyje yra sferiskai simetriska,
jei tarpzvaigzdinés medziagos greitis debesies atzvilgiu yra mazas. Jei
tarp ju greiciy skirtumas yra didelis, tuomet debesis yra sunaikinamas
smuginés bangos per kelias efektines laiko skales. Smuginé banga debe-
syje atsiranda tik tuo atveju, jei iSorinis slégis padidéja per laiko skale
trumpesne nei debesies dinaminis laikas. Priesingu atveju debesis spéja
atstatyti dinamine pusiausvyra tarp jo ir aplinkos.

3. Tol kol debesies savigravitacijos ir iSorés slégio kuriama jéga yra didesné
uz zvaigzdédaros griztamaji rysj, debesis néra suardomas ir gali toliau
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formuoti zZvaigzdes. Fotojonizacijos kaitinimo atveju tai atitinka slégj ly-
gu ~ 1,6 x 107°M5R;; erg em ™3, kuris pasiekiamas, kai tarpzvaigzdine
medziaga yra jkaitinama supernovos sprogimy ar kity energingy galak-
tikose vykstanciy procesy, pvz. aktyvaus galaktikos branduolio. ITlgesné
zvaigzdédaros trukmeé debesyje lemia didesnj zvaigzdédaros efektyvuma
ir suformuoja stipriau gravitaciskai suristus spiecius.

5.3 Skaitmeniniai modeliai

Skaitmeniniai modeliai skaiciuojami naudojantis hibridiniu N kuny ir glotninty
daleliy hidrodinamikos (angl. Smoothed Particle Hydrodynamics, SPH) kodu
GADGET-3 (atnaujinta viesai prieinamos programos versija i$ Springel 2005).
Skai¢iavimuose naudojame SPHS skaic¢iavimy metoda (Read & Hayfield 2012),
kuris sukurtas pagerinti SPH budingas dirbtinio laidumo paklaidas ir skirtingy
savybiy turinéiy medziagy tarpusavio maisymasi (Read et al. 2010; Hobbs et al.
2013). Glotninimui naudojame ketvirtos eiles HOCT4 branduolio funkcija su
442 kaimynémis bei adaptyvius glotninimo ir gravitacinés saveikos aproksima-
vimo ilgius.

Kiekvieno modelio skaiCiavimai prasideda nuo sferiskai simetrisko debe-
sies, kurio masé My = 10° Mg, o spindulys Ry = 10 pc. Tai atitinka
ne =~ 380 em ™3 ~ 1,27 x 1072 g em ™3 vidutinj molekuliniy vandenilio du-
ju tankj. Taip pat laikome, kad debesis turi tolygy tankio pasiskirstyma,
todél tokio debesies dinaminio laiko skalé yra lygi tqyn =~ 1,7 Myr. Debe-
sies kolapsui dél savigravitacijos priesinasi dujy turbulentinis judéjimas su
charakteringu grei¢iu oty Modeliuose naudojame dvi oy vertes. Ma-
zesne opyb = 4 km/s, kuri atsveria debesies savigravitacija ir sukuria di-
naminj slégi debesyje lygu Payn/kyr ~ 1,7 X 10 K em™3. Taip pat didesné
orurb = 10 km/s, kuri atstoja slégj jei debesis buty sudarytas i$ fotojonizuoty
duju: Payn/kp =~ 1,06 x 107 K em 3. Tokj fotojonizuoty dujy aprasyma vietoje
didesnés dujy temperaturos pasirinkome todél, kad fotojonizacija daugiausiai
paveikia mazesnio dujy tankio sritis (Dale & Bonnell 2011), o tankesniy duju
sritys turéty likti nepaveiktos ir toliau kolapsuoti (Dale et al. 2012).

Debesj supa nigy = 1 em ™2 tankio tarpzvaigzdiné medziaga, kurios tem-
peratiira siekia arba 10° K arba 107 K. Pirmuoju atveju aplinkos slégis yra
daug mazesnis uz esantj debesyje (Pism/kp, = 10° K em™3), todél debesis evo-
liucionuoja nejausdamas iSorés slégio poveikio. Antruoju atveju iSorés slégis
atitinka stipriausios turbulencijos (otu, = 10 km/s) sukuriama dinaminj slégj
(Pism/k, = 107 K em™2). Modelius su mazesne aplinkos temperatira vadi-
name ,nesuspaustais®, o didesne — ,suspaustais“. Visi skaiciavimai atlickami
periodinéje dézéje, kurios krastinés ilgis yra 80 pc (160 pc modeliams su judan-
¢ia tarpZvaigzdine terpe).

Visuose modeliuose debesys sudaryti i§ N = 10 SPH daleliy, kas atitinka
mgpa = 0,1 Mg vienos dalelés mase ir myes = 44,2 M modelio masés sky-
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ra. Tokios skyros uztenka jvertinti didziausios masés zvaigzdziy ir zvaigzdziy
asociacijy formavimasi. Skaic¢iavimuose jtraukta veésimo funkcija, kuri apraso
medziagos vésima 10 K ir 10* K temperatiiros intervale (Inoue & Inutsuka
2008). Tuo tarpu medziagos vésimas yra i§jungtas 3 x 10* K ir Tisy tempera-
turos intervale, kad debesj supanti tarpzvaigzdiné medziaga isliktu izotermineé.

Siekiant optimizuoti skai¢iavimus prasidéjus debesies fragmentacijai ir at-
siradus tankiems dariniams, kuriems skaic¢iuojant pilna hidrodinamika buty
reikalingi labai dideli kompiuterio resursai, mes jvedéme zvaigzdines daleles
(angl. sink particles). Susiformavusios Sios dalelés daugiau nebesaveikauja su
aplinka hidrodinamiskai, o joms skaic¢iuojama tik gravitaciné saveika, taciau
jos vis dar gali augti prisijungiant kitas SPH daleles. Sj pokyti grindziame tuo,
kad juy tankis yra gerokai didesnis uz aplinkos ir hidrodinamika turi nykstamai
maza itaka ju judéjimui debesyje. Zvaigzdinés dalelés pakei¢ia SPH daleles
debesyje, kur dujy tankis virsija perie = 10717 g em™3 ~ 1,5 x 10° Mg, pc™?,
esant 7' = 10 K temperaturai tai atitinka Dzinso mase Mj ~ 0,4 Mg = 4mgpq.
Si masé yra panasi j zvaigzdes formuojanéius sutankéjimus debesyse (Konyves
et al. 2020), dél to musy modeliai neturéty pervertinti jy maseés ir skaiciaus.
Maza zvaigzdiniy daleliy formavimosi Dzinso masé mums leidzia skaic¢iuoti du-
ju dinamika iki maziausio iSskiriamo skalés ilgio ir sekti tankiausiy dujy dariniy
evoliucija debesyje, sutaupant daug skaiciavimy laiko.

Visi analizuojami modeliai ir jy parametrai pateikti 5.1 lenteléje. Pir-
masis rinkinys sudarytas i$ stacionariy modeliy — t4T5, t4T7, t10T5, t10T7,
t2.8T5Hr4.2 ir t2.8T7r4.2. Kiekvieno modelio pavadinime yra uzkoduoti jo para-
metrai: ,,t* atitinka turbulencijos greitj (km/s), ,T“ — supancios terpés tempe-
ratura logaritminéje skaléje ir ,r* — sukimosi greitj ties debesies krastu (km/s).
Sie modeliai skirti parodyti debesies evoliucija su ir be iSorinio slégio jtaka,
nejtraukiant papildomy veiksniy. Tuo tarpu like modeliai parodo realistiskesne
situacijg, kai tarpzvaigzdiné terpé juda debesies atzvilgiu ir sukelia Slytj. Aplin-
kinés terpés greitis ,v* apima 30, 100 ir 300 km/s greic¢ius. Skaifiavimo trukme
kiekvienam modeliui apibrézia skai¢iavimo resursy galimybeés, taciau kiekvie-
no modelio skai¢iavimy gale bent 70% debesies duju yra pavirte Zvaigzdinémis
dalelémis.

5.4 Rezultatai

I$ pradziy yra pateikiami stacionariy debesy modeliy rezultatai. Siuos modelius
galima padalinti j tris kategorijas: debesys, kuriuose dominuoja savigravitacija
(t4T5 ir t4T7), kuriuose dominuoja turbulencija (t10T5 ir t10T7) bei besisu-
kancius debesis, kuriuose dominuoja savigravitacija (t2.8T5r4.2 ir t2.8T7r4.2).
Veéliau jvertinsime vis stipresnes slyties veikiamus modelius (t4cXT5 ir t4vXT7,
¢ia X — debesies judéjimo tarpzvaigzdinéje erdveéje greitis km/s). Kiekvienam
modeliui iSvedame keturis pagrindinius parametrus, kurie leidzia juos lengvai
palyginti tarpusavyje. Pirmasis parametras yra pirmosios zvaigzdinés dalelés
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5.1 lentelé. Skaitmeniniy modeliy parametry ir rezultaty sarasas.

Modelio ID = v, Tism ot Ulag
t4Th 4 10° 0 0
t4T7 4 107 0 0
£10T5 0 105 0 0 151 251 829 002
£10T7 10 100 0 0 040 056 1,68 > 00+
2.8:4.2T5 28  10° 042 0 133 198 381 004
0
30
30

tsink tfrag Th €ff sink
126 1,78 426 0,08
037 043 1,37 > 0,9%

t2.8r4.2T7 2,8 107 0,42 0,34 042 104 0,75
t4v30T5 £ 10° 0 1,33 1,66 2,80 027

t4v30T7 4 1007 0 0,36 042 1,30 0,96
t4v100T5 4 10° 0 100 1,23 159 294 043
t4v100T7 4 107 0 100 029 043 225 092
t4v300T5 4 10° 0 300 1,08 1,39 3,85 0,52

t4v300T7 4 107 0 300 0,60 0,89 1,48 0,80

Pastabos. Skaitmeniniy modeliy parametrai bei svarbiausi rezultatai.
Pirmame stulpelyje pateikti modeliy pavadinimai, tolesniuose keturiuo-
se stulpeliuose atitinkamai pateikti parametrai: debesies turbulencijos
greitis (km/s), supancios tarpzvaigzdinés medziagos temperatura (K),
debesies kampinis sukimosi greitis (km/s/pc) ir Slyti sukeliantis grei¢iy
skirtumas tarp debesies ir jo aplinkos (km/s). Paskutiniuose keturiuose
stulpeliuose pateikti gauti rezultatai: pirmosios zvaigzdinés dalelés su-
siformavimo laikas tgnk (Myr), fragmentacijos laiko skalé tgae (Myr),
puses masés spindulys 7, (pc) praéjus fragmentacijos laikui ir dujy vir-
timo zZvaigzdinémis dalelémis efektyvumas praéjus vienam dinaminiam
laikui eg sink. Skaiciai su zvaigzdutémis gauti ekstrapolinojant i$ anks-
tesniy laikotarpiy.

susiformavimo laikas, kuris apytiksliai parodo zZvaigzdédaros pradzia debesyje.
Antrasis — debesies fragmentacijos laikas tgag, kuris atitinka laiko momenta,
kai zvaigzdineés dalelés sudaro 20% debesies masés. Pakeitus Sia verte i 10%
ar 30% musy galutinés iSvados nepasikei¢ia. Treciasis — sistemos pusés ma-
sés spindulys 1y, ties t = tgae. Ketvirtasis — Zvaigzdiniy daleliy formavimosi
efektyvumas eg sink, kuris apibréziamas kaip debesies mases dalis esanti zvaigz-
dinése dalelése pragjus vienam dinaminiam evoliucijos laikui, kuris Siuo atveju
yra lygus 1,7 Myr. ISvesty amziy paklaidos siekia +0.02 Myr dél ribotos laiko
skyros, o gauty atstumy paklaidos siekia 2%.

5.4.1 Modeliai be Slyties

5.1 ir 5.2 paveiksléliuose pavaizduoti debesy pavirsinio dujuy tankio pasiskirs-
tymai ir jy evoliucija, atitinkamai t4T5 ir t4T7 modeliams. Tuo tarpu 5.3
pav. pavaizduoti abiejy modeliy tankio profiliai ties ¢ = tgae. Nespaudziamo
debesies atveju, jis Siek tiek iSsiplecia ir jame greitai atsiranda sutankéjusios
strukturos. Kolapsas prasideda, kai iSsisklaido dalis turbulencijos energijos.
Labiausiai tankis didéja debesies centre, kur greiCiausiai prasideda zvaigzde-
dara, nes jame susilieja keli turbulencijos nesami medziagos srautai. Zvaigi-

87



y[pc]
y[pc]

-2
log 2 [gcm?]

-1
log = [gcm?]

5.1 pav. Nespaudziamo debesies evoliucija (t4T5). Kairiame virSutiniame
skydelyje atvaizduotas debesies pavirSinis dujy tankis ties ¢ = 1,26 Myr, pries
pat pirmuyjy zvaigzdiniy daleliy formavimasi. Debesis i$ pradziy issiplecia ir, dél
turbulencijos, suformuoja netolygia struktura, su sutankéjimu debesies centre
bei tankiais gumulais ir gijomis aplink ji. Virsutinis desinys skydelis atitinka
laikg ties ¢t = 1,78 Myr, kai ZvaigZzdinés dalelés sudaro 20% viso debesies masés.
Zvaigzdinés dalelés daugiausiai formuojasi debesies centre, kur tankiai didziau-
si, o dinaminis laikas — trumpiausias. Apatinis skydelis rodo padidinta centrine
debesies sritj ties t = 1,78 Myr. Zvaigzdinés dalelés pasiskirséiusios po kelias
atskiras sankaupas, susidariusias ties tankiausiomis debesies sritimis. Siame
skydelyje dél aiskumo buvo pakeistas mastelis bei pavirsinio tankio réziai. Dél
aiSkumo atvaizduotos tik 10% visy susiformavusiy zvaigzdiniy daleliy.
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5.2 pav. Spaudziamo debesies evoliucija (t4T7). Kairiame virSutiniame sky-
delyje atvaizduotas debesies pavirsinis tankis ties ¢ = 0,14 Myr. Debesis yra
spaudziamas ir susiformuoja dujy sutankéjimai jo krastuose. Virsutinis desi-
nys skydelis atitinka ¢ = 0,37 Myr, prie§ pat pradedant formuotis zvaigzdi-
néms daleléms. Dél Richtmeyer-Meshkov nestabilumy susiformave tankesniy
dujy gumulai padaro debesies pavirSiy netolygy. Apatinis skydelis atitinka
t = 0,43 Myr, kai #vaigzdinés dalelés sudaro 20% viso debesies masés. Zvaigz-
dinés dalelés sparciai formuojasi paciame debesies centre. Paskutiniame sky-
delyje dél aiskumo buvo pakeistas mastelis bei pavirSinio tankio réziai. Dél
aiSkumo atvaizduotos tik 10% visy susiformavusiy Zvaigzdiniy daleliy.
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5.3 pav. Atvaizduoti radialiniai profiliai rodantys zvaigzdiniy daleliy pasiskirs-
tyma (iStisinés linijos) ir dujy tankj (punktyrinés linijos) ties t = terag: mélynos
linijos atitinka t4T5, o raudonos linijos t4T7 modelius. Dujy tankiai yra pa-
nasus, isskyrus t4T7 modelyje esancia smugine banga, taip pat suspaustame
modelyje zvaigzdinés dalelés yra pasiskirsciusios platesnéje erdvéje.

dinés dalelés formuojasi isilgai atsiradusiy sutankéjusiu duju giju ir kaupiasi
centrinéje dalyje, kur sudaro elipsinés formos sankaupa. Siuo atveju, zvaigzdi-
niy daleliy formavimosi efektyvumas praéjus vienam dinaminiam laikui siekia
€t sink ~ 8%. Kadangi zvaigzdinés dalelés atitinka tik zvaigzdes formuojancius
tankius dujy branduolius, o ne jau susiformavusias zvaigzdes, gauta verte reikia
padauginti i$ ju Zvaigzdeédaros efektyvumo, kuris gali siekti 25 — 75% (Matzner
& McKee 2000; Alves et al. 2007). Tai leidzia jvertinti, kad bendras debesies
zvaigzdédaros efektyvumas gali siekti eg . ~ 2 — 6%. Sio rezultato sutapimas
su stebéjimais (McKee & Ostriker 2007) is dalies yra atsitiktinis ir priklauso
nuo uzduoty pradiniy salygy, ypa¢ nuo uzduoto charakteringo turbulencijos
greicio (Bate et al. 2003). Tai reiskia, kad laikui bégant silpstanti turbulencija
veda prie vis didesniy fragmentacijos sparty ir kylancio zvaigzdédaros efekty-
vumo. Taip pat reikéty atkreipti démesj i tai, kad zvaigzdiniy daleliy masés
dalis virstanti Zvaigzdémis nepriklauso nuo jy masés (Matzner & McKee 2000),
todél zvaigzdiniy daleliy formavimosi sparta yra tiesiogiai proporcinga debesies
zvaigzdédaros spartai.

Spaudziamo debesies evoliucija pastebimai skiriasi nuo nespaudziamo. Ki-
taip nei teorinése prielaidose, debesyje nesusidaro stipri smuginé banga. Tai
lemia Richtmyer-Meshkov (RM) nestabilumai (Klein et al. 1994) susidare ties
debesies pavirsiumi, dél kuriy atsiranda dideli medziagy sutankéjimai. Sie su-
tankéjimai 5.2 pav. virsutiniame desiniame skydelyje pasireiskia kaip storos
gijos nukreiptos link debesies centro. Siuo atveju zvaigzdinés dalelés pradeda
formuotis daug greic¢iau — ties t ~ 0,37 Myr. Kaip ir nesuspaustame debesyje,
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didzioji jy dalis formuojasi debesies centre, kur krentanti medziaga vis didina
duju tankj ir skatina tolesne zvaigzdédara. Dél greic¢iau krentancios medzia-
gos, susiformavusios zvaigzdinés dalelés turi didesng kineting energija ir didesnj
Sansg pabégti is savo pradinio dujy gumulo, todél jos turi maziau laiko augti ir
ju vidutiné masé yra mazesné. Galiausiai visos Zvaigzdinés dalelés suformuo-
ja vieng didelj spieciy ir nelieka giju struktury, kurios islieka nesuspaustame
debesyje. Visos debesies dujos pavirsta j zvaigzdines daleles dar pries pasie-
kiant 1,7 Myr riba, kas atitinka eg sine > 100% Zvaigzdiniy daleliy formavimosi
efektyvuma.

5.3 pav. lyginami debesy radialiniai dujy tankio profiliai (punktyrinés li-
nijos) su zvaigzdiniy daleliy pasiskirstimu (istisiné linija) abiejuose modeliuose
ties ¢ = tqag. Abiem atvejais dujy pasiskirstymas yra beveik vienodas, isskyrus
silpna smugine banga t4T7 modelyje (raudona linija) ties 0,3 pc < R < 0,7 pe,
kurioje tankis padidéjes apie 2 kartus. Abu dujy tankio profiliai yra Siek tiek
statesni uz izoterminius ir atitinka p oc R=2"5 priklausomybe, atstumu didesniu
nei R ~ 0,7 pc nuo centro. Laikui bégant gautas dujuy tankio profilis turéty
isploksteti. Zvaigzdineés dalelés abiejuose modeliuose yra labiau koncentruotos
i centra nei dujos, tac¢iau nesuspausto debesies daleliy ,,branduolys® siekia tik
iki ~ 0,5 pc, o suspausto iki ~ 1 pc. Abiem atvejais zvaigzdiniy daleliy pasi-
skirstymas uzsibaigia staigiu skai¢iaus mazéjimu, kuris taip pat laikui bégant
turéty relaksuoti ir tapti ne toks staigus.

Didelés turbulencijos modeliai t10T5 or t10T7 pavaizduoti 5.4 paveikslélyje.
Nesuspaustas debesis (5.4 pav. kairéje) evoliucijos eigoje stipriai issisklaido ir
dalis jo gijy nutolsta per > 30 pc. Tuo tarpu dujy tankis centrinéje dalyje
nuolatos didéja ir pirmosios zvaigzdinés dalelés susiformuoja ties 1,51 Myr t.y.
panasiu metu, kaip ir maZesnés turbulencijos nespaudziamame modelyje (t4T5,
1,26 Myr). Tadiau tolesné fragmentacija vyksta gerokai lé¢iau ir pasiekiamas tik
€ff sink =~ 2% zvaigzdiniy daleliy formavimosi efektyvumas. Tai yra daug maziau
uz 5 — 10%, kuriuos nustate Clark et al. (2005), tikétina todeél, kad jie tyré
debesj, kurio turbulencijos ir gravitacijos energiju santykis Eiurb/Fgrav = 2,
tuo tarpu musy tiriamame debesyje Sis santykis yra lygus 7,7. Galiausiai centre
susiformaves zvaigzdiniy daleliy spieCius néra tikroviskas rezultatas, nes dujos
ten pradéjo kauptis dél nykstancios turbulencijos bei neatsiradusio zvaigzdziy
spinduliuotés griztamojo rysio, kuris galéty sunaikinti iSretéjusj debes;.

Spaudziamas debesis su didele turbulencija (5.4 pav. desinéje) evoliucionuo-
ja panasiai kaip ir mazesne turbulencija turintis atitikmuo. Pradzioje debesis
siek tiek iSsipucia, taciau greitai yra sustabdomas ir suspaudziamas. Debe-
syje pasireiskia silpna smuginé banga ir jai i$ paskos susiformuoja RM nesta-
bilumai, kurie padidina dujy tankj, o pirmoji zvaigzdiné dalelé susiformuoja
ties ¢ ~ 0,40 Myr — panasiu laiku kaip ir t4T7 modelyje. Véliau zvaigzdiniy
daleliy formavimasis spartéja eksponentiskai ir pasiekia 20% efektyvuma, ties
tirag = 0,56 Myr (palyginus su tgae = 0,43 Myr gauta t4T7 modelyje). Pusés
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5.4 pav. Didelés turbulencijos t10T5 (kairys skydelis) ir t10T7 (deSinys sky-
delis) modeliy centriniy daliy morfologija, kai zZvaigzdinés dalelés sudaro 20%
debesies masés. Nespaudziamam modeliui tai atitinka ¢ = 2,51 Myr, o spau-
dziamam — t = 0,56 Myr. Net didelés turbulencijos atveju debesis yra suspau-
dziamas aplinkinio slégio. Dél aiskumo, atvaizduotos tik 10% visy susiforma-
vusiy zvaigzdiniy daleliy.

maseés spindulys Siame modelyje (r;, = 1,68 pc) yra Siek tiek didesnis nei t4T7
(rr, = 1,37 pc), taciau bendra sistemos evoliucija iSlieka panasi ir visos dujos
tampa zvaigzdinémis dalelémis dar nepraéjus vienam dinaminiam laikui.

Sie rezultatai rodo, kad tarpzvaigzdiné terpé gali turéti dominuojantj efekta
molekulinio debesies evoliucijoje, jei jos sukuriamas slégis yra didesnis uz debe-
sies dinaminj slégj. Tokiu atveju debesis yra suspaudziamas, todél i$ jo negali
pasisalinti dujos, o atsiradusi smuginé banga po saves sukuria RM nestabilu-
mus, dél kuriy susidariusios padidéjusio tankio sritys paspartina zvaigzdédara
debesyje.

5.4.2 Besisukantys modeliai

Atlikome dviejy modeliy skaiciavimus (t2.8r4.2T5 ir t2.8r4.2T7), kuriuose de-
besys be dujy turbulencijos dar sukasi aplink savo centra. Sie debesys sukasi
kaip kietas kunas aplink Z asj ir ju kampinis greitis ties debesies krastu yra
lygus wyot = 0,42 km/s/pc. Tuo tarpu charakteringas turbulencijos greitis
sumazintas iki 2,8 km/s, kad sukuriamas dinaminis slégis XY plokstumoje ir
bendra kinetiné energija islikty nepakite nuo kity t4 modeliy.

5.5 pav. virSutiniuose skydeliuose pavaizduota nespaudziamo debesies mor-
fologija ties t = tgae = 1,98 Myr atitinkamai XY ir XZ aSyse. Nors debesies
sukimosi greitis yra santykinai létas (wyottayn = 0,7), nesuspausto debesies evo-
liucija gerokai skiriasi nuo nesisukanc¢io modelio. Siuo atveju debesis kolapsuoja
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5.5 pav. Besisukanc¢iy debesy morfologija t2.8r4.2T5 modeliui ties t =
1,98 Myr (du virSutiniai skydeliai) ir t2.8r4.2T7 modeliui ties 0,42 Myr (du
apatiniai skydeliai). Pirmajame stulpelyje esantys skydeliai atitinka vaizda i$
virSaus XY asyje, o antrajame stulpelyje — vaizda i$ Sono XZ asSyje. Sukimasis
turi didele jtaka debesies morfologijai ir paskirsto dujas platesnéje erdvéje, to-
dél sulétéja tankiy dujy gumuly augimas. Dél aiSkumo, atvaizduotos tik 10%
visy susiformavusiy zvaigzdiniy daleliy.
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vertikaliai ir suformuoja diska, kuris pradeda fragmentuoti ir formuoti zZvaigz-
dines daleles mazose sankaupose. Dujos diske pasiskirsciusios didesniame plote
nei sferinio kolapso metu, todél pasiekiamas mazesnis tankis ir zvaigzdinés da-
lelés pradeda formuotis Siek tiek véliau, pragjus ~ 1,33 Myr. Taip pat ir zvaigz-
diniy daleliy formavimosi efektyvumas yra mazesnis, kuris siekia eg gink = 4%.

5.5 pav. apatiniai skydeliai rodo spaudziamo debesies morfologija ties
t = tpag = 0,42 Myr atitinkamai XY ir XZ aSyse. Spaudziamo debesies at-
veju evoliucija vyksta daug grei¢iau ir sukimasis neturi laiko suskaidyti debesj
i atskiras sankaupas. Besisukanc¢iame debesyje atsirade RM nestabilumai dél
Slyties yra iSsklaidomi, todél smuginé banga debesyje yra gerokai susilpnina-
ma ir ji nepasiekia centrinés debesies dalies. Tai lemia, kad didziausi tankiai
yra debesies krastuose, kuriuose formuojasi didzioji dalis zvaigzdiniy daleliy.
Besisukantis debesis yra stipriai suspaustas vertikalia kryptimi, taciau dujos
pasiskirsciusios po visa diska, todél to neuztenka, kad buty pasiekti pakan-
kamai dideli tankiai ir prasidéty sparti zZvaigzdédara centrinése srityse. Nors
besisukancio debesies morfologija gerokai skiriasi, ta¢iau bendrieji parametrai
yra panasus j nesisukancio debesies. Pirmosios zvaigzdinés dalelés pradeda
formuotis po ~ 0,34 Myr, o fragmentacijos laiko skalé lygi tgae = 0,42, kas le-
mia didelj zvaigzdiniy daleliy formavimosi efektyvuma eg sink = 75% ir i t4T7
modelj panasias zvaigzdédaros vertes.

5.4.3 Spaudimo jtaka debesy evoliucijai

5.6 pav. parodyta zvaigzdiniy daleliy masés dalies (istisiné linija) ir ju forma-
vimosi spartos (Mg /yr, punktyrinés linijos) evoliucija visiems SeSiems aukséiau
pateiktiems modeliams. t4 modeliai pateikti virsutiniame skydelyje, t10 — vi-
duriniame, t2.8r4.2 — apatiniame. Mélynos linijos atitinka T5, o raudonos T7
modelius. Horizontali asis yra laiko santykis su fragmentacijos laiko skale tgag,
pateikta 5.1 lenteléje. Kaip jau anksciau minéta, zvaigzdédaros sparta debesyje
gali siekti nuo 25% iki 75% Zzvaigzdiniy daleliy formavimosi spartos.

Laikiné evoliucija tarp suspausty ir nesuspausty modeliy stipriai skiriasi.
t4T7 modelyje zvaigzdinés dalelés formuojasi ~ 10 karty greic¢iau nei t4T5. Net
sunormavus laiko skales j fragmentacijos laiko skale tgag, Zvaigzdiniy daleliy
maseés dalis auga gerokai greic¢iau spaudziamame debesyje nei nespaudziama-
me, o toks efektas pasireiskia ir didesnés turbulencijos ir besisukanciy debesy
atvejais.

Gautas laiko skales galima palyginti su analitiskai apskaic¢iuotomis
priklausomybémis. Analitiniai sprendiniai rodo, kad nespaudziamo ir
spaudziamo debesy efektiniy dinaminiy laiky santykis yra tayn/tq,, =
(PISM+Pgrav/PgraV)1/2 ~ 29 (zr. 5.6 lygti). Santykis tarp modeliuose
susiformuojanciy pirmyjuy zvaigzdiniy daleliy yra Siek tiek didesnis ir lygus
1,26/0,37 ~ 3.4. Skirtumas iSauga jei lyginame fragmentacijos laiko skales
tfrag7t4T5/tfrag)t4T7 = 1,78/0,43 ~ 4,1. Tai reiskia, kad debesis evoliucionuoja
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5.6 pav. Fragmentacijos ir zvaigzdiniy daleliy formavimosi spartos evoliucija
mazos (virsutinis skydelis) ir didelés turbulencijos (vidurinis skydelis) bei be-
sisukantiems (apatinis skydelis) modeliams. Laiko a8is yra sunormuota j frag-
mentacijos laiko skalg ¢gae (zr. 5.1 lent.). Visais trimis atvejais spaudziamuose
debesyse zvaigzdédara prasideda grei¢iau bei pasiekia 10 — 20 karty didesnes
spartas. Bendra iSorinio slégio veikiamy debesy evoliucija yra panasi net ir
esant dideliai turbulencijai ar sukimuisi.
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grei¢iau nei numato analitiniai sprendiniai. Si paspartinta Zvaigzdédara ne-
gali buti paaiskinama padidéjusiy vidutiniu debesies dujuy tankiu, nes abiem
atvejais modeliai turi panasius tankio profilius ties tqag (5.3 pav.). Tai galima
paaiskinti RM nestabilumais, kurie padalina terpe i tankius gumulus ir isreté-
jusias sritis tarp ju, nors vidutinis tankio profilis islieka nepakites. Tankiy dujuy
gumuly susidarymas sukuria salygas tose srityse vykti zvaigzdédarai ir formuo-
tis Zvaigzdinems daleléms. Si hipotezé buvo patikrinta atliekant skaitiavimus
su standartiniu SPH kodu (ne SPHS formuluote), kuriame dirbtiné pavirsiaus
itampa susilpnina nestabilumy augima ir gauti rezultatai atitiko analitinius
sprendinius.

Didziausi skirtumai atsiranda tarp didziausia turbulencija turiné¢iy mode-
liy. Nespaudziamame modelyje t10T5 zvaigzdiniy daleliy formavimosi sparta
pasiekia tik Mfrag ~ 0,04 Mg /yr ir laikosi didziaja dalj jo evoliucijos. Suspaus-
tas debesis, Siuo atveju, evoliucionuoja panasiai kaip ir mazesnés turbulencijos
atveju, pasiekdamas panasia zvaigzdziniy daleliy formavimosi sparta, fragmen-
tacijos laiko skale ir pirmosios zvaigzdinés dalelés susiformavimo laika. Tuo
tarpu besisukantys modeliai evoliucionuoja panasiai kaip t4 modeliai, taciau
sukimasis Siek tiek sulétina zvaigzdédara nesuspaustame modelyje. Nors ne-
sisukanciy ir besisukanciy debesy morfologija labai skiriasi — besisukanciame
modelyje zvaigzdédara vyksta daugiausiai debesies krastuose, o ne centre, ta-
¢iau gauti panasus zvaigzdédaros parametrai rodo, kad iSorinio slégio pakanka,
jog didzioji dalis debesies galéty pradeéti efektyviai formuoti zvaigzdes.

Gauti rezultatai rodo, kad iSorinis slégis paskatina zvaigzdédara debesyje
keliais budais. Pirmasis — debesis yra suspaudziamas ir jame sutrumpéja efekti-
nis dinaminis laikas, dél kurio dujos greic¢iau kolapsuoja ir per ta patj laika gali
suformuoti daugiau Zvaigzdziy. Antrasis — dél iSoriniy debesies sri¢iy spaudi-
mo atsiradusi smuginé banga sukuria nestabilumus, dél kuriy formuojasi tankus
dujuy gumulai ir paspartéja ty sri¢iy kolapsas. Treciasis — esant dideliam aplin-
kos slégiui, debesies evoliucija beveik nepriklauso nuo jame vykstanciy vidiniy
medziagos judéjimy.

5.5 Slyties efektas

Siekiant jvertinti Slyties efekta debesies evoliucijai, parinkti Sesi modeliai, ku-
riuose debesis juda tam tikru grei¢iu tarpzvaigzdinés terpés atzvilgiu (Zr. 5.1
lentele). Mazo aplinkos slégio modeliai Siuo atveju atitinka standartinius hid-
rodinaminiy kody testus, kur tiriama Slytis tarp dvieju judanéiy terpiu (Na-
kamura et al. 2006; Agertz et al. 2007; Read & Hayfield 2012), iSskyrus, tai
kad, siuo atveju, debesy dujoms suteikta turbulencija. Tokios sistemos debesy
suardymo laiko skalé yra lygi (Agertz et al. 2007):

2R, c — —
tdcst ~ 1,6 X 7Rl ( Pel 1/2 1

1/2
> ~ 12,5 M2/? Ry ok Myr, (5.15)
Ulat  \ PISM
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5.7 pav. Aplinkoje judanc¢iy debesy morfologija ir evoliucija laike. Virguje
atvaizduoti debesys judantys 30 km/s, ties fragmentacijos laiku ¢ = tga. Kai-
réje atvaizduotas nespaudziamas modelis, kuriame aplinkos temperatura siekia
Tism = 10° K, desinéje — spaudziamas modelis, kuriame aplinkos temperatiira
siekia Tigy = 107 K. Apagcioje atvaizduota abiejy modeliy Zvaigzdédaros spar-
tos ir zvaigzdiniy daleliy masés dalies evoliucija, sunormuota j fragmentacijos
laikg. Tarpzvaigzdiné terpé debesies atzvilgiu juda i kairés | desine.
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5.8 pav. Kaip ir 5.7 pav., taciau debesys juda 100 km/s grei¢iy tarpzvaigzdinés
terpés atzvilgiu.

Cia v190 = v1at/100 km/s. Tai reigkia, kad debesys neturéty buti sunaikinami
dél slyties per musy tiriama laikotarpj, ypac¢ suspausty debesy atveju.

Skaic¢iavimy patogumui laikome, kad debesis yra statiskas, o aplink jj X asies
kryptimi tolygiu grei¢iu juda tarpzvaigdiné terpé. Tyrimams pasirinkome lo-
garitmiskai iSskirstytus tarpzvaigzdinés terpés judéjimo greicius: v = 30, 100
ir 300 km/s. Pats debesis yra reikSmingai jgreitinamas tik didziausio greicio
modelyje, kuriame debesis pasieké oy,1, greiti ties ~ 0,8 Myr (McKee et al.
1978), o visais kitais atvejais taccel > tdyn-

Siy modeliy rezultatai yra pateikti 5.7 (v = 30 km/s), 5.8 (v = 100 km/s)
ir 5.9 (v =300 km/s) paveiksléliuose. Kiekviename paveikslélyje virsuje patei-
kiama debesy morfologija ties ¢ = tpag, atitinkamai nesuspaustiems (kairéje)
ir suspaustiems (desin¢je) modeliams. Apacioje pateikiama Zvaigzdiniy daleliy
formavimosi spartos ir bendros masés evoliucija, sunormuota j fragmentacijos
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5.9 pav. Kaip ir 5.7 pav., taciau debesys juda 300 km/s grei¢iu tarpzvaigzdinés
terpés atzvilgiu.

laiko skale.

Evoliucijos eigoje atsiranda aiskus skirtumai tarp T5 ir T7 modeliy. T5 mo-
deliuose zvaigzdédara vyksta debesies priekinéje dalyje (kairéje), tuo tarpu T7
modeliy atveju zvaigzdédara vyksta aréiau galinés (desinés) debesies pusés. Tai
galima paaiskinti tuo, kad t4v30T5 modelyje neatsiranda smuginé banga, nes
medZiagos greitis yra vy, < Grurh (pcl/pISM)1/2 ~ 130 km/s. Siuo atveju cent-
rinés debesies dalies morfologija yra tokia pati kaip ir stacionariy debesy bei
atsiranda tik labai mazi zvaigZzdédaros parametry skirtumai (Zr. 5.1 lentele).
Pirmosios Zvaigzdinés dalelés modelyje atsiranda ties t = 1,33 Myr, o fragmen-
tacijos laiko skalé yra lygi tfae = 1,66 Myt — Siek tiek maZesné uz stacionaraus
debesies atveji (1,78 Myr). Sis skirtumas atsiranda todél, kad dalis debesies
maseés, yra pasalinama ] tarpzvaigzdine terpe dél Slyties. Tai lemia, kad reikia
sukaupti maziau maseés Zvaigzdinése dalelése, kad buty pasiekta 20% riba. Dél
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Slyties iS debesies pasalinty dujy atrodo, kad Zvaigzdiniy daleliy sankaupa yra
nutolusi nuo debesies centro.

Didesnio grei¢io modeliuose t4v100T5 ir t4v300T5 (5.8 ir 5.9 pav., virsu-
je kairéje) dél judandios aplinkinés terpés susidariusi smuginé banga stipriai
paveikia debesies evoliucija. Smuginé banga debesyje juda panasiu ar dides-
niu grei¢iu uz charakteringa turbulencijos greitj, todél debesis yra smarkiai
ardomas. Sis efektas paspartina zvaigzdédara debesyje ir pirmosios zvaigzdi-
nés dalelés susiformuoja debesies priekyje ties ¢ = 1,23 Myr ir t = 1,08 Myr
atitinkamai v100 ir v300 modeliuose. Taip pat atitinkamai Siuose modeliuose
fragmentacijos laiko skalés siekia tgae = 1,59 Myr ir 1,39 Myr, todél didéjanti
Slytis aiskiai spartina zvaigzdédaros tempa debesyje. Didéjant tarpzvaigzdi-
nés terpés greiciui didéja ir pasalinty dujy dalis, kuri lemia iSaugusj debesies
pusés masés spindulj. Abiejy modeliy paveiksléliy kairéje puséje nuo debesies
matoma mazo tankio medziagos srové yra iS debesies pasalinty dujy uodega,
kuri sugrjzo dél periodiniy krastiniy salygy, taciau dél mazo tankio ji neturi
reikSmingos jtakos debesies evoliucijai.

Aplinkos slégio spaudziami modeliai evoliucionuoja skirtingai nuo nespau-
dziamy, dél visais atvejais atsirandancios stiprios smuginés bangos (5.7, 5.8 ir
5.9 pav., virSuje desinéje). MaZo aplinkos grei¢io modelis (t4v30T7) evoliucio-
nuoja panasiai kaip ir stacionariais atvejais. Jame pirmosios zvaigzdinés dalelés
pasirodo ties t = 0,36 Myr, o fragmentacijos laiko skalé lygi tgae = 0,42 My,
kaip ir t4T7 modelyje. Didesnio aplinkinés terpés greicio atveju (t4v100T7)
smuginé banga tampa nesimetriska ir grei¢iau juda ties debesies priekine (kai-
re) dalimi, o didZiausi tankiai ir Zvaigzdédara pasiekiama debesies gale (desi-
néje). Pirmosios Zvaigzdines dalelés Siuo atveju atsiranda ties ¢ = 0,29 Myr,
taciau tgag = 0,43 Myt sutampa su ankstesniais modeliais. DidZiausio greicio
modelyje (t4v300T7) smuginé banga dalinai suardo debesj, todél zvaigzdines
dalelés pradeda formuotis véliau (¢ = 0,60 Myr) ir Zvaigzdédara vyksta léeciau
(ttrag = 0,89 Myr).

5.7, 5.8 ir 5.9 pav. apacioje esanciuose grafikuose pavaizduota debesies
zvaigzdiniy daleliy formavimosi spartos ir masés dalies esancios zvaigzdinése
dalelése evoliucija, sunormuotg j fragmentacijos laika. Nespaudziamy debesy
atveju, ju evoliucija tarpusavyje atrodé panasiai — pirmosios zvaigzdinés dale-
lés susiformavo ties 0,8tgqg, Zvaigzdiniy daleliy formavimosi sparta pasieké iki
~ 0,2 Mg /yr. Grei¢iausio tarpzvaigzdinés terpés judéjimo modelyje Zvaigzdé-
daros sparta krinta greiciausiai, dél slyties lemiamo masés praradimo. Maziau-
sig tarpzvaigzdinés erdvés judéjimo greitj turintis modelis evoliucionuoja pana-
siai kaip ir stacionarus debesys, jame maksimali zvaigzdiniy daleliy susidarymo
sparta siekia ~ 1 Mg /yr ties t o tgae. t4v100T7 modelyje zvaigzdinés dalelés
pradéjo formuotis Siek tiek anksciau (¢ ~ 0,65%s4g ), taciau tolesné zvaigzdédara
vyksta léciau ir siekia ~ 0,3 Mg /yr. Ankstesne zvaigzdédaros pradzia lemia
nesimetriska smiiginé banga, kuri judédama debesyje anksc¢iau sukuria jai pa-
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lankias salygas ir iStesta zvaigzdiniy daleliy pasiskirstyma debesyje. t4v300T7
modelis evoliucionuoja panasiau j nespaudziamus modelius, nes Slytis ji iSardo

ir aplinkos slégis jam neturi tokios didelés jtakos.

5.6 Rezultaty aptarimas

5.6.1 Debesies suspaudimas

Visuose spaudziamuose modeliuose laikiné debesies evoliucija yra beveik iden-
tiska. Integruoti debesies zvaigzdédaros parametrai, tokie kaip zvaigzdédaros
pradzia, zvaigzdédaros sparta ir laiko skalé kol tam tikra debesies masés dalis
tampa zvaigzdinémis dalelémis, beveik nepriklauso nuo pradiniy debesies sa-
lygy. Skirtumas atsiranda nebent besisukanciuose debesyse, kuriuose vidutiné
zvaigzdiniy daleliy masé yra mazesné, taciau dél supaprastinty zvaigzdédaros
skaiciavimy i$ to negalime daryti pagristy isvady.

Tokia supanaséjusi debesy evoliucija rodo, kad kol iSorés slégis yra stipres-
nis uz debesies vidinj dinaminj slégj ar dél judéjimo sukelta Slytj, zZvaigzdéda-
ra priklauso beveik isskirtinai nuo jj veikiancio aplinkos spaudimo. Taip pat
zvaigzdédaros tempas modeliuose padidéja daugiau nei tai numato analitiniai
sprendiniai, o tai galima paaiskinti tuo, kad praéjus smuginei bangai debesyje
formuojasi tankus dujy gumulai, kuriuose grei¢iau vyksta zvaigzdédara.

Nors musy modeliai yra idealizuoti, taciau jie aiskiai rodo, kad iSorinis
slégis gali dominuoti molekuliniy debesy evoliucijos eigoje. Sj efekta reikia
iskaityti galaktiky ir didesniuose modeliuose, kuriuose zvaigzdédaros procesai
néra tiesiogiai modeliuojami. [prastai tokiuose modeliuose jskaitomas tik dujy
tankis (Springel & Hernquist 2003; Fujita et al. 2003), tac¢iau taip pat reikty
iskaityti ir aplinkiniy karsty dujuy sukuriama slégj.

5.6.2 Zvaigzdédara debesyje

Didziojoje dalyje spaudziamy debesy modeliy zvaigzdédara paspartéja dél at-
siradusios smuginés bangos, kuri juda nuo debesies krasto link centro, bei po
jos atsiradusiy sutankéjusiy dujy gumuly. Smuginé banga debesyje atsiranda
todél, kad aplinkos slégis aplink debesj pakilo per laiko skales trumpesnes nei
debesies dinaminis evoliucijos laikas ir jis nespéja susispausti. Musy t10T7 mo-
delyje debesies dinaminis slégis turéty buti panasus j aplinkos, todél smugineé
banga turéty buti gerokai silpnesné, bet gauta zvaigzdédaros sparta daug di-
desné uz nespaudziamus modelius. Elmegreen & Efremov (1997) nustaté, kad
net ir aplinkos slégiui didéjant is léto, kuomet debesyse neatsiranda smuginé
banga, juose vis tiek padidéja zvaigzdédaros sparta. Tai leidzia teigti, kad
iSorés slégis gali sukeli zvaigzdédaros spartos padidéjima nepriklausomai nuo
smuginés bangos egzistavimo.

Pradinése salygose musy skaic¢iuojami debesys turi tolygy tankio profilj,
taciau tikrove labiau atitikty link centro didéjantis dujy tankis. Pritaikius
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realistiskesnj tankio profilj, bei jskaicius fakta, kad debesis veikia ne tik tur-
bulencija, bet ir sukimasis, tokiuose debesyse zvaigzdédaros sparta turéty buti
mazesné. Dél Sios priezasties musy gauti rezultatai turéty atstoti virsutines
zvaigzdédaros spartos ribas.

Spaudziamuose debesyse zvaigzdiniy daleliy susidarymo sparta iSauga apie
10 karty lyginant su nespaudziamais debesimis. Sis padidéjimas yra didesnis
nei stebima Kennicut-Schmidt désnio sklaida (okg ~ 0.2 — 0.3 dex, Bigiel et al.
2008), todél jo sukeltas efektas turéty buti aptinkamas turimuose stebéjimuose.
Galaktikos, kuriose vyksta zvaigzdédaros zybsnis, turi ~ 3 — 4 kartus isSaugusia
pavirsine zvaigzdédaros sparta (Garcia-Burillo et al. 2012). Tokius zvaigzde-
daros Zybsnius gali sukelti padidéjes aplinkos slégis (Zubovas et al. 2013). Tai
patvirtina atlikti M82 galaktikos stebéjimai, kurios zvaigzdédaros srityse ap-
tikta priklausomybé tarp zvaigzdeédaros spartos ir aplinkos slégio (Keto et al.
2005).

Zvaigzdziy griztamasis rysis, kuris yra nejtrauktas j misy skai¢iavimus, turi
itakos debesyje susidariusiai zvaigzdziy populiacijai. Jaunos masyvios zvaigz-
dés jkaitina ir jonizuoja savo aplinka, padidindamos Dzinso mase ir tokiu budu
sulétindamos zvaigzdedara (Bate 2009; Offner et al. 2009). Taip pat zvaigzdeé-
darai jtakos gali turéti i$ prozvaigzdziy iSmetamos medziagos srautai (Krumholz
& Matzner 2009) bei spinduliuotés slégis (Fall et al. 2010). Musy suspaustuo-
se modeliuose zvaigzdédara vyksta gerokai grei¢iau, todél spéja susiformuoti
daugiau zvaigzdiniy daleliy iki tol, kol turéty pasireiksti minéti griztamieji ry-
siai. Net ir prasidéjus debesies ardymui, iSauges iSorés slégis tam priesinasi ir
lemia, kad didesné medziagos dalis gali dalyvauti tolimesnéje zvaigzdédaroje.
Taciau norint iSsiaiskinti kiekvieno proceso jtaka zvaigzdédarai ir atsiradusius
zvaigzdziy populiacijy skirtumus, tam reikalingi detalesni modeliai.

Zvaigzdziy griztamasis rySys turi jtakos ne tik zvaigzdedarai, bet ir bend-
rai debesies evoliucijai. Fotojonizacijos jkaitintos dujos gali buti pasalintos is
debesies, tokiu budu prarandant daugiau nei 10% visos debesies mases (Wang
et al. 2010; Dale et al. 2012). Taip pat ir prozvaigzdziy iSmetami medziagos
srautai (Krumholz et al. 2012b), zvaigzdziy véjas (Dale et al. 2013) bei spin-
duliuoteés slégis (Krumholz & Matzner 2009) gali turéti jtakos ne tik debesies
evoliucijai, bet ir susiformavusiy spie¢iy mirtingumui (Dale et al. 2012; Pfalz-
ner 2011). Spinduliuotés slégis tikriausiai yra pagrindinis veiksnys sukeliantis
dujy turbulencija (Krumbholz et al. 2012b) bei suardantis molekulinius debesis
(Murray et al. 2010), ta¢iau jau po ~ 3 Myr nuo Zvaigzdédaros pradzios gali
prasidéti pirmieji supernovy sprogimai, kurie issklaidys didziaja dalj debesies
duju (Rogers & Pittard 2013). Visi sie efektai taip pat gali padidinti slégj
aplink kitas debesies sritis ar net Salia esancius kitus molekulinius debesis ir
pradéti zvaigzdédara juose (Dale et al. 2007a; Koenig et al. 2012).
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5.10 pav. Zvaigzdiniy daleliy virialinio parametro a evoliucija Sesiems mode-
liams be Slyties (virSuje) ir astuoniems su Slytimi (apacioje). IStisinés linijos
atitinka nespaudziamus modelius, o punktyrinés linijos atitinka suspaustus.
Virsutiniame skydelyje mélynos linijos atitinka mazos turbulencijos, raudonos
— didelés turbulencijos, o zalios — besisukanc¢ius modelius. Apatiniame skyde-
lyje juodos, mélynos, zalios ir raudonos linijos atitinka v10, v30, v100 ir v300
modelius.
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5.6.3 Spieciy evoliucija

Zvaigzdinés dalelés visuose nesisukanciuose modeliuose, taip pat ir ne v300
modelyje, susigrupuoja i viena centrinj telkinj, panasy j spieciy. Mes detaliau
iStyréme Siy spieciy evoliucija ir 5.10 pav. atvaizdavome kaip kinta zvaigzdi-
niy daleliy virialinis parametras oayiy = Ekin/ \Eg| laike modeliams be Slyties
(auksciau) ir su Slytimi (zZemiau). Reikia atkreipti démes;j j tai, kad siame grafi-
ke pavaizduoti papildoma mazos $lities modeliy pora t4v10 (debesies judéjimo
greitis lygus 10 km/s), kurios evoliucija yra beveik identiska t4v30 modeliams.
Kiekvienoje modeliy poroje punktyrinés linijos atitinka suspaustus modelius, o
istisinés — nespaudziamus. Tik pradéjus formuotis zvaigzdinéms daleléms jos
viena kitos atzvilgiu buna visiskai nesusietos (i > 1). Didéjant Zvaigzdiniy
daleliy skaiciui ir augant jose sukauptai masés daliai suriStumas sparciai didéja
(virialinis parametras mazéja) ir nukrenta zemiau 1 apytiksliai ties ¢ = tfraq.
Gravitaciskai suristi spieciai nesusiformuoja tik t10T5 ir t4v100T5 modeliuose,
pirmuoju atveju, todél, kad didzioji dalis debesies dujy issisklaido dél turbulen-
cijos, o antruoju, nes debesj suardo $lytis dar besiformuojant spie¢iui. Pasiekus
trag SPiecius baigia kolapsa ir ,atSoka“, nes dalis zvaigzdiniy daleliy yra iSme-
tamos i$ spieciaus ir iSsisklaido. Tuo tarpu t4 ir t2.8r4.2 modeliy poros islaiko
gravitaciskai suristus spiecius visa evoliucijos laikotarpj, taciau tai negalioja
Slyties veikiamiems modeliams. Lyginant suspausty ir nesuspausty modeliy
poras, esant iSoriniam slégiui, dazniausiai gaunami mazesni virialiniai para-
metrai, todél iSauga tikimybé debesyje susiformuoti gravitaciskai suriStiems
spieciams. Taip pat tokiems spieciams yra mazesné tikimybeé issiardyti, kai is
ju yra pasalinamos debesies dujos ir prarandama dalis juos laikancios maseés
(Lada & Lada 2003).

Zvaigzdinés dalelés susiformavusios stacionariuose debesyse turi panasius
tankio profilius (5.3 pav.), ta¢iau skiriasi jy pusés masiy spinduliai (5.1 lent.).
t4T5 modelio pusés masés spindulys siekia ry, sink >~ 0,79 pc, tuo tarpu t4T7
modelio — 7 sink ~ 0,26 pc. Si skirtuma lemia didelio tankio branduolys susifor-
maves suspaustame modelyje, tuo tarpu nesuspaustame debesyje susiformavo
didelis mazo tankio vainikas aplink centrinj spie¢iy. Sis skirtumas santykinai
nedidelis ir abu spiecius buty sudétinga atskirti jy evoliucijos pradzioje, taciau
vélesné evoliucija gali gerokai skirtis. Kompaktiskesnis ir masyvesnis spiecius
susiformaves suspaustame modelyje gali lengviau atlaikyti potvynines jégas ir
laikui bégant prarasti maziau mases (Kruijssen & Portegies Zwart 2009; Spitzer
2014; Gieles & Baumgardt 2008).

5.6.4 Palyginimas su stebéjimais

Aplinkos jtaka zvaigzdédarai atskiry debesy ir visos galaktikos masteliais tyré
ne viena mokslininky grupé. M82 galaktikos stebéjimai rodo, kad molekuli-
niai debesys pradeda formuoti zvaigzdes tik tuomet, kai yra apsupti karstos
tarpzvaigzdinés terpés (Keto et al. 2005). Didelio raudonojo poslinkio galak-
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tikose, kurios turi daug dujy ir vyksta zZvaigzdédaros zybsnis, yra stebimas
aukstas tarpzvaigzdinés terpés slégis (Swinbank et al. 2011). Ypaé $viesiy inf-
raraudonyjy galaktiky (angl. ultra luminious infrared galaxy, ULIRG) sparcia
zvaigzdédara galima paaiskinti tuo, kad besijungianciy galaktiky molekuliniai
debesys jkrenta i auksto slégio tarpzvaigzdine terpe (Solomon et al. 1997).
Taip pat yra stebimi molekuliniy debesy savybiy skirtumai M51, M33 ir LMC
galaktikose, kurie gali buti paaiskinti tarpzvaigzdinés terpés slégio skirtumais
(Hughes et al. 2013).

Teorinius tyrimus apie tai kaip GMC reaguoty j iSaugusj aplinkos slégj vyks-
tant galaktikos susijungimams atliko Jog & Solomon (1992). Naudodamiesi
analitiniais skai¢iavimais jie taip pat nustaté, kad debesys buty suspaudziami
ir dél to iSaugty zvaigzdédaros sparta.

Elmegreen & Efremov (1997) pasiule, kad visi spieéiai (kamuoliniai ir pa-
drikieji) formuojasi tuo paciu principu, taciau pagrindinius skirtumus lemia
iSorinis slégis veikiantis molekulinj debesj. Jie teigia, kad kamuoliniai spie-
¢iai formuojasi esant aukstam aplinkos slégiui, dél kurio dujos negali pabégti
is debesies, todél zvaigzdédara debesyje gali vykti ilgesnj laika ir pasiekiamas
didesnis zvaigzdédaros efektyvumas. Sios iSvados yra panaios j miisy gautus
rezultatus, taciau mes taip pat parodéme, kad dél iSorinio slégio debesyje is-
auga ir zvaigzdédaros sparta, nes susidaro papildomos didesnio tankio sritys,
kuriose gali prasidéti zvaigzdédara. Todél zvaigzdédaros efektyvumas iSauga ir
dél zvaigzdédaros griztamojo rysio pasalinamy dujy sulaikymo ir dél didesnéje
debesies dujy dalyje vykstancios zvaigzdédaros.

Krumbholz et al. (2009) pasiulé, kad KS ZzZvaigzdédaros désnio (proporcin-
gumas tarp Xgpr ir Xgas) luzis gali buti paaiSkinamas iSorinio slégio jtaka
molekuliniams debesims. Siuo atveju aukstas aplinkos slégis sustiprina Zvaigs-
dédara ir lemia statesne zvaigzdédaros spartos priklausomybe nuo pavirsinio
dujy tankio. Nors miisy modeliai néra tinkami KS désnio jvertinimui, ta¢iau
gauti rezultatai atitinka Sias isSvadas.

Musy modeliai i$ dalies yra panasus j spinduliuotés sukelto kolapso mode-
lius (Bertoldi 1989). Sis procesas sulauké didelio démesio (Klein et al. 1980;
Kessel-Deynet & Burkert 2003; Dale et al. 2007b; Bisbas et al. 2011), jo metu
dujos gali buti suspaudziamos jonizuojancios spinduliuotés, kylancios i§ masy-
viy zvaigzdziy arba supernovy sukelty smuginiy bangy. Nors musy atveju iSorés
slégis yra izotropiskas ir laike nekintantis, taciau gauti rezultatai sutampa ir
lemia zvaigzdédaros spartos padidéjima. Verta paminéti, kad i$ stebéjimy sun-
ku jvertinti spinduliuotés sukelto kolapso jtaka debesies evoliucijai. Kai kurios
molekuliniy debesy apzvalgos rodo padidéjusia zvaigzdédaros sparta debesyse,
kuriuos paveiké supernovos smuginé banga (Preibisch & Zinnecker 1999) arba
jonizuojancioji spinduliuoté is Salia esancio zvaigzdziy spieGiaus (Sugitani et al.
1989, 1991; Sugitani & Ogura 1994). Taip pat ir maZos bei vidutinés masés OB
asociacijos rodo, kad jy formavimasi paskatino masyviy zvaigzdziy spinduliuoté
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(Lee & Chen 2007). Tuo tarpu jaunu zvaigzdiniy objekty apzvalgos rodo, kad
zvaigzdédara aplink infraraudonuosius Saltinius vyksta dél medziagos kritimo j
juos, o ne dél spinduliuotés sukelto kolapso. Nepaisant to, spinduliuotés sukel-
to kolapso poveikis molekuliniams debesims ir juose vykstanciai zvaigzdédarai
yra panasus j gautus musy modeliuose.

5.7 Apibendrinimas

Musy atlikti skaic¢iavimai rodo, kad idealizuotomis salygomis aukstas aplinkos
slegis gali buti pagrindinis veiksnys sukeliantis molekulinio debesies kolapsa
ir zvaigzdédara jame. Aukstas aplinkos slégis ne tik pagreitina debesies ko-
lapsa ji suspausdamas, bet ir neleidzia issisklaidyti turbulentiskiems debesims,
kuriuose priesingu atveju zvaigzdédara beveik nevykty. Padidinta zvaigzdéda-
ros sparta lemia didesné debesies masés dalis, suformuojanti tankius gumulus,
kuriuose gali pradéti formuotis prozvaigzdés. Debesiui judant auksto slégio
aplinkoje reikSminga poveikj evoliucijai turi tik judéjimo greiciai virSijantys
Vlat > 100 km/s, kuomet debesis yra smarkiai iSardomas ir didelé debesies
maseés dalis yra issklaidoma.
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Pagrindiniai rezultatai ir iSvados

Siame darbe atlikome Zvaigzdziy spie¢iy, esanéiy jvairiose aplinkose, parametriy
tyrimus.

Pirmajame skyriuje pristatéme zvaigzdziy spieciy paieska ir tyrimus nykstu-
kinéje netaisyklingoje galaktikoje Leo A, kurioje iki Siol buvo zinomas tik vienas
spiecius ir neaptikti molekulinio vandenilio debesys, kuriuose galéty formuotis
spiec¢iai. HST ACS nuotraukose atradome ir iStyréme 4 naujus spiecius. At-
rasti spiefiai yra mazos masés (~300Mg) ir jauno amziaus (~100 Myr). Leo A
yra maziausios masés ir maziausio metalingumo galaktika, kurioje yra aptikti
zvaigzdziy spieciai, todél gauti rezultatai padés suprasti zvaigzdédaros procesus
ankstyvoje Visatoje.

Antrajame skyriuje aptaréme naujg aperturinés fotometrijos metodika ir
pritaikéme ja M31 galaktikos spieciams. Aperturinés fotometrijos metodika pa-
grista interaktyviu fono lygio nustatymu ir adaptyviu apertury parinkimu, kas
efektyviai sumazina besiprojektuojanciy lauko zvaigzdziy jtaka. Nors atliekant
interaktyvia fotometrija yra sugaiStama daugiau laiko, tac¢iau gaunami mata-
vimai nepriklausantys nuo stipriai kintancio galaktikos lauko zvaigzdziy fono.
Parodéme, kad pritaikius nauja metodika didziausi skirtumai gaunami infra-
raudonosiose fotometrinése juostose, kurias stipriai paveikia galaktikos diskui
priklausancios raudonosios milzinés. Parengéme 1181 spieciaus daugiaspalvés
aperturinés fotomerijos kataloga.

Treciajame skyriuje pristatéme spieCiy nustatyty parametry (amzius, masé
ir tarpzvaigzdiné ekstinkcija) skirstinius. Analizavome tik diskui priklausancius
(ne kamuolinius) ir patikimus matavimus turin¢ius spiecius. Dél Sios priezas-
ties spie¢iy imtis sumazéjo iki 929 spie¢iy. Siy spie¢iy parametrus nustatéme
visiems priskirdami Saulés metalinguma. Gauti rezultatai rodo, kad M31 ga-
laktikoje per pastaruosius 300 Myr jvyko bent trys zvaigzdédaros spartos padi-
déjimai, kuriuos galéjo sukelti sgveikos su kaimyninémis galaktikomis. Spieciy
skaiciaus pasiskirstymas pagal amziy rodo, kad spiec¢iy ardymas dél potvyniniy
saveiky diske tampa reikSmingas praéjus ~300 Myr po susiformavimo.

Ketvirtajame skyriuje aptaréme molekuliniy debesy kolapso modeliavimo
rezultatus, siekdami jvertinti aplinkos slégio jtaka spieciy formavimuisi. Atli-
kome debesy evoliucijos skaiciavimus mazo ir didelio slégio aplinkoje, taip pat
keitéme debesies parametrus nagrinédami stacionarius, besisukancius ir judan-
¢ius aplinkoje atvejus. Gauti rezultatai rodo, kad aplinkinio slégio veikiamuy
debesy kolapsas gerokai paspartéja ir greiciau pasiekiami zvaigzdéms formuoti
reikalingi duju tankiai. ISauges tankis lemia didesnj zvaigzdédaros efektyvuma.
ISorinis slégis taip pat sulaiko dujas nuo pabégimo i$ debesies dél turbulenci-
jos ir intensyvios jauny zvaigzdziy spinduliuotés, todél debesis gali formuoti
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zvaigzdes ilgiau. ISorinio slégio veikiamuose debesyse susiformave spieCiai yra
stipriau susieti gravitacijos nei laisvai susiformave. Didesnis gravitacinis susie-
tumas ir dél efektyvesnés zvaigzdédaros likusi nepanaudota mazesné dujy dalis,
sudaro palankias salygas spie¢iams islikti nesuardytiems per pirmuosius kelis
milijonus evoliucijos mety.
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6 skyrius
Abstract

Introduction

Newly formed stars inside molecular clouds are grouped into clusters that sha-
re similar ages and chemical compositions. Current studies show that cluster
mass and structural parameters may depend from the state of environment in
the galaxy (Krumholz et al. 2019). This could mean that cluster parameters
are influenced by the intensity of star formation, interaction with other ga-
laxies or other processes present in the galaxy e.g. an active galactic nuclei.
Since clusters can be observed over longer distances than individual stars, their
studies can be applied to a wide range of galaxies. For this reason, we aim to
improve the methodologies used for the research of star clusters and evolution
of galaxies.

The main goal of this work is to study star clusters in various galactic
environments, which have different star formation histories and properties of
interstellar medium. For our research we use high quality Hubble Space Te-
lescope (HST) observations that enable us to study even the lowest mass star
clusters in the Local Group galaxies. We determine cluster parameters (age,
mass and extinction) either using photometry of individual cluster member
stars or integrated photometry of the whole cluster. In this work we study star
clusters in the dwarf irregular galaxy Leo A and the Andromeda (M31) spiral
galaxy. The Leo A galaxy has low mass, but most of it is still in a gas phase.
It is also isolated from other galaxies and only low intensity star formation
is present (Hunter et al. 2012). Leo A is also a very metal-poor galaxy and
star formation in such environment is not well understood (Klessen 2019). Me-
anwhile, M31 galaxy together with Milky Way, is a dominant member of the
Local Group and has interacted and absorbed many other galaxies (Ferguson
& Mackey 2016). For this reason M31 has a complicated star formation history
and spatial structure.

HST Panchromatic Hubble Andromeda Treasury (PHAT, Dalcanton et al.
2012) survey covers a continuous area from the dense central to the sparse outer
regions of the M31 galaxy. The survey includes observations in six passbands
covering spectral range from near ultraviolet to near infrared light. This survey
is currently the best dataset available for cluster parameter studies, which are
strongly affected by degeneracies. In order to resolve degeneracies between pa-
rameters, derivation methods and models are constantly revised and improved,
but the aim of our work is to improve the quality of the observation measure-
ments themselves. While using aperture photometry for measurements, lumi-
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nous field stars that are not part of the cluster, can strongly affect measured
cluster magnitudes and colours. This can strongly decrease reliability of the
determined cluster parameters by mimicking effects of physically different clus-
ters. For this reason we have decided to create a new methodology for cluster
aperture photometry that could account for contamination by projecting field
stars.

With the intent to inspect and evaluate the environmental influence on
star cluster formation, we have performed a modeling of a molecular cloud
collapse. When molecular clouds are collapsing due to self-gravity, the gas
density increases and star formation begins, but in order for star clusters to
form, stars need to remain gravitationally bound. For this reason, we studied
cloud collapse that happens in a low environmental pressure versus the same
process in high environmental pressure, to determine the differences between
the resulting star cluster properties. High surrounding pressure in addition to
gravity can compress gas in the cloud, potentially increasing star formation
rate and star formation efficiency (the portion of gas that is converted into
stars).

Goal and tasks of the dissertation

Goal - Study star cluster characteristics in different galactic environments.

Tasks of this work
1. Study star clusters in the dwarf irregular galaxy Leo A.

2. Develop a new aperture photometry method suitable for various back-
ground densities of field stars.

3. Prepare a new star cluster catalogue, based on multicolour HST photo-
metry of the M31 galaxy, and determine their parameters.

4. Study effects of surrounding environment on the formation of star clus-
ters.

Main results and statements to defend

1. Four new clusters have been discovered, in addition to only one known
previously, in the extremely metal poor Leo A galaxy, which still has no
detection of molecular clouds.

2. New method has been developed, that significantly increases accuracy of
aperture photometry performed on clusters contaminated by dense field
population stars. Two main problems have been addressed: background
levels are determined interactively and consistently among all passbands;
proposed an adaptive aperture method strongly reducing effects of pro-
jecting field stars.
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3. New star cluster aperture photometry catalogue (1181 objects) has been
prepared based on multicolour M31 HST observations.

4. Age, mass, and extinction parameters were determined for 929 star clus-
ters, based on stochastic star cluster models.

5. Studied star clusters of the M31 galaxy indicate at least three episodes
of increased star formation rate over past 300 Myr.

6. Using molecular cloud models it has been shown that star cluster forma-
tion strongly depends from the surrounding environmental pressure. It
affects cloud star formation efficiency and resulting star cluster gravita-
tional boundedness.

Contribution of the author

The author has prepared observations based on M31 HST PHAT survey and
performed aperture photometry for all clusters presented in this work. The
author has also written all programs needed to perform measurements and da-
ta analysis. The author has automated part of the interactive measurement
process. The author has prepared the bank of stochastic star cluster models
and improved the extinction determination algorithm. The author performed
the modeling of rotating molecular clouds inside low and high pressure envi-
ronments. With the help of co-authors the author has created new aperture
photometry methodology, determined M31 star cluster parameters and analy-
sed the results.
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6.1 Star clusters of the dwarf irregular galaxy
Leo A

Leo A is a dwarf irregular galaxy (Fig. 6.1) at a distance of 800 kpc (m — M =
24.51 mag, Dolphin et al. 2002, one minute of arc at such distance is ~ 230
pc) and is at the very edge of the Local Group. According to the predominant
cold dark matter theory, dwarf galaxies were the smallest objects in the early
Universe. Larger galaxies such as our Milky Way (MW) and Andromeda galaxy
were formed after multiple such dwarfs have merged together. Even though
most of its baryonic mass still resides in a gas phase (Hunter et al. 2012),
stellar populations older than 10 Gyr have been detected (Dolphin et al. 2002).
Such a low star formation efficiency can probably be explained by the fact,
that this galaxy is isolated and does not interact with other galaxies and has
very low metallicity, which might significantly hinder the formation rate of
molecular clouds (Dobbs et al. 2014). The average measured metallicity of
Leo A is equal to < [Fe/H] >= —1.67 (=~ 2% Solar metallicity, van Zee et al.
2006; Kirby et al. 2017) which should mean a significantly smaller amount of
dust grains present and subsequently, a less efficient formation of molecular
hydrogen. Despite this, star formation is still an ongoing process in the Leo A
galaxy as evident by the presence of ionized hydrogen (H II) nebulae which are
the result of young and massive star radiation.

Small mass, metallicity and star formation rate of the Leo A galaxy can
help us put additional restrictions on current star formation models and their
dependence on environment (Cook et al. 2019). One of the main indications of
a past star formation in a galaxy are star clusters, but up until this point only
one has been discovered (Stonkuté et al. 2015). Using Hubble Space Telescope
(HST) observations we have carried out a search for star clusters in the Leo A
galaxy and determined their main parameters.

6.1.1 Cluster search methodology

Star cluster search and measurements were performed on the HST Advanced
Camera for Survey (ACS) frames in the F'475W and F814W passbands from
the project Local Cosmology from Isolated Dwarfs (LCID, Cole et al. 2007).
The observational data has been obtained from the Mikulski Archive for Space
Telescopes! (MAST). The frames are bias-subtracted, flat-fielded and charge
transfer efficiency corrected. Observed portion of the galaxy is marked by the
blue square in Fig. 6.1. Stellar photometry was performed using the software
package DOLPHOT 2.0 (Dolphin 2000, and many unpublished updates).

A total of 189 947 objects have been detected in both passbands for the
initial catalogue. This number has been somewhat reduced after visual ins-
pections of the ACS images, by marking obviously contaminated image areas

Ihttp://archive.stsci.edu
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7 e. L] e T . )
Figure 6.1. Leo A galaxy as observed by Subaru Suprime-Cam camera in B,
V and I passbands (Stonkuté et al. 2014). Red ellipse (axis ratio b/a = 0,6,
position angle PA = 114°) marks Holmberg radius (where surface brightness at
B passband reaches 26.5 mag/arcsec?) with major axis a = 3,5" (Mateo 1998).
Center coordinates are: a = 9"59™24% § = +30°44/47" (J2000, Vansevicius
et al. 2004). Blue square corresponds to the field size of HST ACS observations
(Cole et al. 2007). Green circles mark all star clusters discovered in the galaxy
and their number. North is up and east is left.
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either by background galaxies, bright MW stars, or image artefacts, as well as
areas close to the frame borders. We further removed extended objects from
the catalogue by imposing sharpness limits in both passbands to be 0.2 <
sharpnesspgiaw < —0.2 and 0.2 < sharpnesspys;w < —0.2). This clean up
reduced the object count to N = 151 146.

High resolution of HST ACS images allowed us to search for compact low-
mass star clusters in the Leo A galaxy. The main tools used for our task
were F'475W and F814W passband combined images and colour-magnitude
diagrams (CMDs) based on photometry of the detected objects. Furthermore,
we selected only reliably identified and measured stars (F814W < 28 mag), and
excluded likely foreground MW stars that have the colour FA7T5W — F814W >
2.0 mag. This left us with a total of 98525 stars within the HST ACS field,
that were used to search for stellar overdensities.

To emphasize dense star groupings we used overlapping circular cluster
kernels of radii 0.5”. Background levels at each stellar position have been
obtained in an annulus spanning from 1.0” to 2.0” around the star and were
subtracted from the number density determined within the kernel. We then
calculated the ratio between star number densities (within 0.5” radius) and
background zones. Finally, we tested various thresholds to select potential
clusters for further analysis and found that density ratio of at least 5 gives
reasonable results. This left us with 76 star clusterings that were carefully
inspected using the HST ACS mosaics. In the end, 5 cluster candidates were
selected. It is unlikely that the super-position of stars could affect identification
of cluster candidates because stars are well-resolved and the disk of the galaxy
is favourably oriented.

6.1.2 Results and discussions

The colour images of the clusters and their CMDs are presented in Fig. 6.2.
Star-like objects residing inside the green circle are represented as filled black
circles while star-like objects up to the 2.5” radius are presented as open circ-
les. The colour images of clusters are constructed from the HST ACS frames
by combining images in the FA75W, (FA7T5W + F814W)/2, and F814W pa-
ssbands.

To determine accurate centre positions of these well resolved star clusters we
use peaks on the spatially smoothed star number density map. Growth curves
for each cluster were obtained by integrating a growing circular aperture in
steps of 0.1” up to the radius of 2.5”. Cluster size was determined by the first
sudden flattening of the growth curve and is represented by the parameter R
in Table 6.1. The half-light radii R}, were obtained while measuring the growth
curve at the total cluster magnitude (obtained at R) plus 0.75 mag. The growth
curve of cluster LeoA-C2 is mainly dominated by a single extremely bright star,
for this reason we used the radial profile of star number count, instead.
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F814W

F475W-F814W

Figure 6.2. Images of five identified clusters (top) and their star colour-
magnitude diagrams (bottom). Filled circles show stars residing inside the
green circle marking the extent of the cluster. Open circles show stars residing
in a circle of 2.5”. Images are constructed by combining F475W, (FA7T5W +
F814W)/2 and F814W passbands and each side is equal to 5”. The PARSEC
isochrones, release v1.2S (Bressan et al. 2012), of Z = 0.0007 metallicity and
ages of 20 Myr (the cyan line), 100 Myr (the blue line), and 500 Myr (the
red line) are shown in all panels. All isochrones are adjusted for the distance
modulus of 24.51 mag and MW foreground reddening, A(F475W) = 0.068 mag
and A(F814W) = 0.032 mag.

Table 6.1. Cluster parameters of the Leo A galaxy.

1D «a(J2000) 0(J2000) R Ry, F814W CI Age Mass
LeoA-C1  9:59:16.5 +30:44:59 1.50 0.55 19.85 -0.11 ~20 =400
LeoA-C2  9:59:17.2  +30:44:08 1.25 0.7% 20.82 -0.24 ~ 20 > 150
LeoA-C3  9:59:17.9 430:45:02 1.00 0.31 21.69 -0.15 =z 100 Z 300
LeoA-C4  9:59:26.9 +30:44:15 0.95 0.37 21.68 0.02 =z 100 2z 300
LeoA-C5 9:59:28.5 +30:44:50 0.90 0.34 21.78 -0.14 =100 = 300

Notes. First column labelled ID is the cluster identification number; second and third

columns list cluster equatorial coordinates; fourth column labelled R is the radius of
the cluster in arcsec (in Fig. 6.2 it is marked with a green circle); fifth column labelled
Ry, is the half-light radius of the cluster derived from the photometric growth curve
in arcsec (the asterisk shows the half-light radius of the cluster LeoA-C2 estimated
from the star number count); sixth column lists measured magnitudes in the F'814W
passband through the aperture of radius R; seventh column labelled CT is the colour
index F475W — F814W measured through the aperture of radius R; the last two
columns list rough estimates of cluster ages (Myr) and masses (Mg) respectively.
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Cluster magnitudes and colour indices, derived using the circular apertures
of radii R are listed in Table 6.1. We estimate that the accuracy of the integra-
ted aperture photometry is =~ 0.05 mag and includes the errors in background
level determination and magnitude zero-point uncertainty. Additionally, the
correct sky background subtraction can have big impact to the shape of the
photometric growth curves in the outer regions of the clusters. We determined
local sky background levels using 1.5” —3.0” radius annuli in order to estimate
likely uncertainties of the sky background subtraction. Using the background
level obtained from varying background area sizes resulted in a relatively small
half-light radii change: ARy, ~ £0.05.

We estimate star cluster ages by comparing stellar photometry to the PAR-
SEC isochrones (Bressan et al. 2012), with Z = 0.0007 metallicity. For reference
Fig. 6.2 shows isochrones of 20 Myr (a cyan line), 100 Myr (a blue line), and 500
Myr (a red line). The isochrones were shifted according to the Leo A distance
modulus of 24.51 mag (Dolphin et al. 2002) and a foreground MW extinction,
A(F475W) = 0.068 mag and A(F814W) = 0.032 mag (Schlafly & Finkbeiner
2011), has been subtracted. Low metallicity isochrones of Z = 0.0007 are used
due to low abundance of measured oxygen in the galaxy (12 +log(O/H) = 7.4)
as determined for H II regions by van Zee et al. (2006) and Ruiz-Escobedo
et al. (2018). We should note that the young ages estimated for these clusters
based on the upper main-sequence stars are rather insensitive to the assumed
metallicity.

We determined the mass of star clusters using the distribution of blue
(FAT5W — F814W < 0.5 mag) bright (F814W < 26 mag) stars located by
the main sequence of isochrone (Fig. 6.2). We then integrated over the initial
mass function by Kroupa (2002) in the stellar mass range from 0.08 to 120 M.
Approximate mass estimates for clusters are in the range of ~ 200 — 500M
(Table 6.1).

We also estimated the fraction of stars that form in clusters. For this task
we used recent SFH in Leo A galaxy derived within the area of the HST ACS
field by Ceponis et al. (2018). If we take into account only the two youngest
clusters (LeoA-C1 and LeoA-C2) and compare them to the stars formed during
the last 30 Myr, we get that ~ 10% of stars were formed in clusters. If we take
all five clusters (LeoAC1 C5) and compare them to the stars formed during
the last 200 Myr, then only ~ 2% of stars were formed in clusters. These
large differences between estimates can be likely explained by selection effects
(detection incompleteness) and cluster disruption processes. We would also
like to bring attention to the fact that physical parameters derived for the low-
mass (~ 300Mg) star clusters can be strongly affected by stochastic effects
(de Meulenaer et al. 2014), for this reason our results should be regarded as
estimates.
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6.1.3 Conclusions

Our aim was to search for compact star cluster candidates in the dwarf irregular
galaxy Leo A, which has an extremely low metallicity (Kirby et al. 2017). Up
to this point, only one star cluster (LeoA-C1) was discovered by Stonkuteé et al.
(2015) in this galaxy. We searched for clusters based on the photometry of star-
like objects on HST ACS images in the F475W and F'814W passbands covering
the central parts of Leo A galaxy. We visually inspected spatial clusterings of
the stars and found four new compact low-mass star cluster candidates.

We determined cluster ages using CMDs of stellar objects inside their aper-
tures. We used the isochrones (Bressan et al. 2012) with metallicity Z = 0.0007
and estimated cluster ages and masses. All clusters in Leo A have young ages
and low masses (LeoA-C2: ~ 20 Myr and ~ 150 Mg; LeoA-C3-C5: ~ 100 Myr
and ~ 300Mg). Star clusters with such low masses (~ 300 Mg) and young-
to-intermediate ages (~ 20 — 100 Myr) in the low stellar mass (3.3 x 106 M),
and the extremely low metallicity (124 log(O/H) = 7.4) dwarf irregular galaxy
Leo A can be used to constrain star formation scenarios in the early Universe.

Star clusters studies in the dwarf galaxies recently had a more in-depth
research based on LEGUS observations (Cook et al. 2019). Our study represent
the lowest mass and the lowest metallicity limits of the LEGUS dwarf galaxies.
For this reason clusters discovered in Leo A galaxy serve as an extension to
the parameter space of star clusters measured in the LEGUS dwarfs. However,
our research of the Leo A star clusters is limited by the small area covered by
HST ACS observations, and a field approximately four times larger would be
required to completely cover the galaxy.
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6.2 Star clusters of the Andromeda galaxy

Star cluster parameters (age, mass, metallicity, and interstellar extinction) can
be determined using various methods. Johnson et al. (2016, 2017) recently de-
rived M31 cluster parameters using CMDs of individual cluster stars. However,
the CMD fitting method limited the age of clusters that could be studied to
300 Myr, by the requirement to resolve and measure stars down to the main
sequence turnoff point.

Another method used for cluster parameter derivation is based on integrated
cluster magnitude comparison to the theoretical star cluster models (Fouesneau
& Langon 2010; Fouesneau et al. 2014; de Meulenaer et al. 2013, 2014, 2015a).
This method allows the investigation of unresolved and semi-resolved cluster
populations of various ages and masses. The downside of this method is that
the accuracy of derived parameters strongly depend on the uncertainties of
aperture photometry and the proper accounting of the projection of background
and foreground stars.

In order to improve the quality of aperture photometry measurements, we
continued the studies of de Meulenaer et al. (2017) and introduce a new star
cluster photometry methodology using the same sample of clusters. We perfor-
med most of the photometry tasks interactively, which includes determination
of the sky background that is the main source of uncertainties in the cluster
aperture photometry (Krienke & Hodge 2007; Johnson et al. 2015). By doing
the majority of tasks interactively we resolved inconsistencies associated with
the automated sky background determination methods when large variations
of background level are present. Proper background level determination is es-
sential for measurements performed in areas with dense field star populations,
such as the M31 galaxy.

In addition to the new background level determination, we measured clus-
ters with projecting luminous field stars using two aperture sizes: one to me-
asure the total cluster magnitude and the second smaller one to obtain an
accurate cluster colour, by avoiding bright contaminating stars. This new pro-
cedure ensures the consistency of colour indices for the majority of star clusters
and improves the accuracy of derived parameters.

6.2.1 Observational data

Our research is based on the HST Panchromatic Hubble Andromeda Treasury
(PHAT) survey data obtained from the Hubble Legacy Archive (HLA)? We
used the so-called Level 2 products that have bias and dark frames subtracted,
flat fielding applied, and all available exposures combined. The survey includes
six passbands from three different HST channels: F275W and F336W pass-
bands from WFC3/UVIS, F475WW and F814W passbands from ACS/WFC,

2http://hla.stsci.edu
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Figure 6.3. Spatial distribution of the 1181 star clusters analysed in this
study overlaid on a Spitzer/MIPS 70 ym image. Black contours show 23 bricks
from PHAT survey. North is up, east is left.

F110W and F160W passbands from WFC3/IR.

The F275W and F336W passbands have only two repeated exposures avai-
lable for each frame which makes it very difficult to find and clean various
defects. For this reason these frames contain a large number of cosmic-ray
artefacts. In order to remove artefacts visible in the ultraviolet (UV) frames,
we use colour images combined from F275W + F336W + F475W passbands
to identify and manually clean them using the imedit task from PyRAF3. We
inspected and cleaned all clearly visible cosmic ray artefacts inside the cluster
apertures defined in (Johnson et al. 2015). An example of artefact cleaning
is shown in Fig. 6.4 where on the left side the cluster is covered by a large
amount of cosmic rays (shown in bright green and blue colours). The right side

Shttp://www.stsci.edu/institute/software_hardware/pyraf — PyRAF is a product of
the Space Telescope Science Institute, which is operated by AURA for NASA
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Figure 6.4. Image of the cluster ID0341 made from a combination of
F275W+F336W+F475W passbands. On the left uncleaned F275W and
F336W passbands are shown with significant number of artefacts are visib-
le that are caused by cosmic rays (bright green and blue objects). On the right
the same image after artefacts have been cleaned inside the cluster’s aperture.
Blue circle represents Ry aperture.

of Fig. 6.4 shows the same cluster after cosmic rays have been cleaned in the
vicinity of its aperture. It should be noted that there were instances where a
large number of artefacts overlap with clusters, making them uncleanable and
measurements had to be discarded. Since artefacts were removed by visual
inspections, it is possible that some of them have blended in with stars and
were not noticed.

Occasionally some frames contain empty or rejected pixels with values equal
to zero. Largest amount of them are located in the F110W images, which have
only one exposure for each field. We fill these defective pixels with an average
value of 8 surrounding non-zero valued pixels (a minimum of 4 non-empty
pixels is required). In cases where uncorrected pixels were found remaining
after cleanup, we discarded the measurements in those passbands. As noted by
Williams et al. (2014), the F110W passband in the field 8 of the brick 22 has
elevated sky background levels, likely due to the 10830 A He I airglow emission
line. Two clusters are affected by these elevated background levels (ID0461 and
ID0800) and have higher-than-usual sky background noise levels, but otherwise

their measurements seem to be consistent and are not omitted.

6.2.2 Cluster sample

PHAT survey covers a continuous area from the centre to the outermost north-
eastern side of the M31 disk. The whole survey area is divided into 23 regions
called bricks (marked by black contour lines in Fig. 6.3), with increasing
numbering the further away they are from the galaxy’s centre (Dalcanton et al.
2012). For our study, we use the same sample of 1363 clusters analysed in
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Table 6.2. Photometric Zero Points
F275W  F336W  F475W  F814W  F110W  F160W
22.67 23.52 26.15 25.52 26.06 24.70

de Meulenaer et al. (2017). They selected clusters based on image analysis in
order to avoid clusters that have bad quality photometry.

We did visual analysis of all clusters and concluded that the field star den-
sity is too large at the centre of M31 for reasonably accurate photometrical
measurements. For this reason, we discarded all the clusters located in the
bricks numbered 1, 3, 5, and 7 (Dalcanton et al. 2012). This left us with 1184
clusters. Additionally, we found that clusters ID0147 and ID3779 are missing
in both WFC3 channels, while cluster ID4132 has a lot of corrupted or missing
pixels in the F475W passband, thus they were removed from further analysis.
Locations of the remaining 1181 star clusters are shown in Fig. 6.3. Our sample
of clusters covers a wide range of galactic environments — from dense central
regions to the relatively sparse outermost areas.

Using DS9 software (Joye & Mandel 2003) we inspected every cluster in
F336W, FAT5W  and F814W passbands and adjusted their centre coordinates
as necessary. Since luminosity-based cluster centres slightly differ in various
passbands we gave priority to F'336W and F475W passbands. For the majority
of the clusters, coordinates are kept the same as provided by Johnson et al.
(2015), or only slightly adjusted (median difference of 0.1”). In some cases of
large stellar associations we readjusted centres and aperture sizes to cover only
the most concentrated parts that could likely be considered as young bound
clusters.

6.2.3 Aperture photometry

Aperture photometry of clusters was performed using circular apertures from
the photutils? package. The exact measurement method was selected to
account for partial pixel coverage. The growth-curves have been measured in
all 6 passbands in steps of 0.01” up to two times the aperture radius of a cluster
set by Johnson et al. (2015). For smaller apertures, a minimum radius of 5”
was set in order to get sufficient background coverage. The area beyond the
cluster’s aperture was used for the interactive background level determination
(see description below), while a small incremental step for growth-curves was
chosen to have the ability to easily measure clusters with any aperture size
needed during the analysis phase. Photometric zero points for the ACS camera
are taken from the ACS zero point calculator®, while zero points for both WFC3

“https://doi.org/10.5281/zenodo . 596036

Shttps://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints
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ID0094, Ry=2.30", Rc=0.80", Rj=2.53"

ke yor * W% 110W
Figure 6.5. The cluster ID0094 shown in colour panels (top), produced by
combining 3 passbands, and grayscale panels (bottom), produced from indivi-
dual passband frames (the passbands are labelled inside the panels). Blue and
red circles represent applied T and C apertures, respectively. The size of each
panel is 10” x 10” | north is up, east is left. An insert at the top right corner
indicates the location of the cluster in M31.

channels are taken from the STScl websiteS and are listed in Table 6.2. We
assume a distance modulus of the M31 galaxy of m — M = 24.47 (McConnachie
et al. 2005).

Figs. 6.5 and 6.6 represent a set of images used for the cluster ID0094
analysis. Fig. 6.5 shows coloured images (top) constructed from the following
passband combinations: F275W + F336W + F475W, F336W + FAT5W +
F814W, and FA475W + F110W + F160W. Images of individual passbands
are shown in the bottom row. A blue circle indicates a larger aperture used
to measure total (T) magnitude of the cluster, while a red circle indicates
a smaller aperture used for a more accurate colour measurements (C). This
separation of measurements are needed to produce consistent colour indices,
which are not affected by projecting field stars.

Fig. 6.6 presents measured growth-curves (top) and their differential profi-
les (bottom) in each passband for the star cluster ID0094. A blue vertical line
shows the size of T aperture, while a red vertical line — the size of C aperture.
Horizontal blue and red lines mark magnitudes measured at T and C apertures,
respectively. Differential radial profiles represent flux contained in the rings
of 0.05” width in arbitrary units with background levels subtracted. Negati-
ve values in this case correspond to the areas that, on average, have smaller
fluxes than the subtracted background level. Various peaks are indications of
luminous stars and demonstrate the complexity of backgrounds surrounding

Shttps://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/
photometric-calibration
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Figure 6.6. Growth-curves (top, in magnitudes) and differential profiles
(bottom, in arbitrary units) for the cluster ID0094. Solid vertical blue and
red lines show applied T and C aperture radii, respectively. Blue and red
horizontal lines show derived corresponding cluster magnitudes.

the cluster.

Since cluster stars and surrounding sky background can vary significantly in
both colours and luminosities, it makes separating them particularly difficult.
We use 10” x 10” sized images (such as presented in Fig. 6.5) to evaluate
whether an object belongs to cluster or field population and choose T and C
apertures accordingly.

6.2.4 Sky background

Sky background determination can cause large uncertainties for cluster apertu-
re photometry measurements and various automated methods have been propo-
sed to make them more consistent (Barmby & Huchra 2001; Krienke & Hodge
2007; Johnson et al. 2012). Crowded fields, such as found in M31, have proven
to be extremely difficult to account for properly. Since images are semi-resolved
there are usually a small number of well-resolved bright stars scattered around
the measured area. Their irregular distribution greatly complicates the deter-
mination of background levels in different passbands.

We noticed that automated methods are inconsistent among various pa-
ssbands. This means that the majority of clusters in our sample would have
large uncertainties in their colour measurements. This is the result of the fact
that fluxes in different passbands are dominated by different stars that differ
significantly in colour (Fig. 6.5). The majority of bright field stars are red
giants located in M31, their light dominates in the infrared (IR) passbands and
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imitates effects of extinction and/or older ages thus greatly complicating their
derivation process (de Meulenaer et al. 2017). Density of these IR bright field
stars strongly depends on the distance to the centre of M31, but they could
still significantly affect measurements even at the outermost regions.

In order to account for the field stars properly, we inspected growth-curves
in all passbands (Fig. 6.6) of each cluster interactively. This allowed us to
derive consistent background levels. To speed up this process, we developed
a custom user interface that allowed us to adjust sky background levels inte-
ractively and to visually observe changes of growth-curves. While determining
background level our main objective was to subtract the background’s unre-
solved component and to evaluate the impact of resolved stars. Differential
growth-curve profiles (the lower graphs in each panel of Fig. 6.6) clearly show
fluctuations arising from each star and played an essential part in our decision
making. We paid special attention to correctly account for the bright field
stars (mainly in the IR passbands) and the abundant image defects as well as
cosmic-ray artefacts that dominate in the UV passbands.

We compared background levels determined by us to the calculated mean
and median sky background values calculated in the ring area extending from
1.2Rr to 3.4Ry (Rr is a radius of cluster’s T aperture) following Johnson
et al. (2015). Usually, interactively determined background level values are so-
mewhat lower than the calculated means but higher than median values. This
can be explained by the fact that mean values are strongly influenced by the
brightest stars located in the background determination area, while median va-
lue calculations mostly ignore resolved stars that are a part of the background
as well. The interactive method of background level determination involves
visual analysis of the cluster images together with their growth-curves and ra-
dial profiles of differential fluxes. Combination of these resources allowed us
to determine sky background levels consistently across all 6 passbands. We
would like to emphasize two disadvantages in using this method of sky back-
ground determination: it may introduce systematic errors if background has a
very complex structure, and each cluster requires multiple passes to eliminate
human related mistakes, which make it a very time-consuming process.

6.2.5 Apertures

Large density of luminous field stars increases their probability of projecting
onto the cluster’s aperture. To minimize the impact that resolved field stars
have for aperture photometry measurements, we make use of two co-centred
apertures. A larger aperture T is used to measure magnitudes in the F475W
passband, while a smaller one (C) is used to avoid as many field stars as pos-
sible and measure magnitudes in all passbands. This procedure produces more
consistent colour indices, which are most important for cluster parameter de-
termination (de Meulenaer et al. 2017).
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For the majority of clusters the T magnitude was measured using apertures
equal or close to those used by Johnson et al. (2015). We slightly reduced
apertures for some clusters to avoid bright field stars in the F475W passband.
There are also a few cases where we had to reduce apertures so that they would
fit into the image area in all of the passbands. If parts of a cluster had fallen
outside of an image, we discarded measurements in those passbands.

The F475W passband was chosen as a base to calculate the total cluster
magnitudes, since it has the highest signal-to-noise ratio, and is not as con-
taminated by the light of bright field stars from old M31 populations as the
F814W passband. In the meantime the C apertures mostly include only the
central parts of clusters. C aperture radius typically ranges from 0.4” to 1.4”,
depending on the cluster’s size and the location of resolved probable field stars.
However, some clusters required the reduction of C aperture radius as small as
0.3" (6 pixels in ACS/WFC) to avoid possible contaminants.

Magnitudes obtained using C aperture sizes (mc p«w) were used to com-
pute final cluster magnitudes (mp.y ) in all passbands according to the two
aperture (T and C) measurements performed in the F475W passband. The
following equation is used to compute the final magnitudes:

mpaw = Mo, psw + (M7 Farsw — Mo, parsw) (6.1)

where mp,p is the final magnitude, while m¢ g« is a magnitude measured
using the C aperture. F*W corresponds to the individual passbands; mr pazsw
and m¢, parsw are T and C magnitudes in the F'475W passband, respectively.
Such calculations are only possible if we assume that the radial cluster colour
profile has no gradient beyond the C aperture.

We use cluster ID0094 as an example of the thought process when choosing
appropriate aperture sizes. Fig. 6.5 shows the T (a blue circle) and C (a
red circle) apertures for this cluster. The main conditions that decided such
aperture sizes are as follows: an IR bright star located to the west from the
cluster; a bright star in all passbands located to the south-east from the cluster;
an IR bright star located to the south from the cluster; a zone to the south
from the cluster where observations in the F'110W and F160W passbands are
missing due to the so-called “death star” defect in the WFC3/IR detector. The
measured T magnitudes of the cluster ID0094 in all passbands are indicated
in Fig. 6.6 by the horizontal blue lines, while the red lines indicate the C
magnitudes. Blue and red vertical lines mark the sizes of T and C apertures,
respectively.

The photometry results together with magnitude uncertainties (o) for each
passband and half-light radii derived from growth-curves in the F475W pa-
ssband (Ry) have been compiled for all 1181 studied clusters into a single
catalogue, portion of which is provided in the Table 6.3.
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Table 6.3. M31 star cluster aperture photometry results.

APID  «(J2000)  46(J2000) R Ry¢  F275W  F336W FATSW  F814W  F110W  F160W
0001 11.435516 41.698562 2.0 0.56 20.198 19.330 18.811 17.599 17.081 16.497

0.6 0.0244 0.010 0.006 0.008 0.008 0.008
0002 11.366514 41.701013 1.4  0.59 21.276  20.561  20.019 19.075 18.794  18.450
0.7 0.057 0.015 0.008 0.012 0.014 0.018

Notes. The table shows an excerpt from data presented in the catalogue.
(@ the T aperture radius in arcseconds;

®) the C aperture radius in arcseconds;

(©) the half-light radius in the F475W passband in arcseconds;

(@) the uncertainties of magnitudes () in corresponding passbands.

6.2.6 Photometry results

Fig. 6.7 shows large differences present in colour indices when we compare
our results with Johnson et al. (2015). In this case, a cumulative effect on
photometry is due to the differences in the following parameters: positions of
cluster centres, aperture sizes, and sky background levels. Also, it is note-
worthy to mention that there are no significant systematic differences between
bright objects, which suggests that both data sets are well calibrated. Before
comparison we corrected Johnson et al. (2015) photometry data using our new
zero points (Table 6.2). Very large differences observed imply the importance
of the problem addressed in our work.

Red dots in Fig. 6.7 represent clusters that have only the upper limits of
magnitudes published by Johnson et al. (2015). Since the distribution of the
red dots is similar to the shape of colour index differences of clusters measu-
red more precisely, we conclude that those differences are dominated by field
stars projecting within larger apertures. The increasing difference with decre-
asing cluster brightness in the F275W and F'336W passbands is because of low
signal-to-noise ratio, which also results in a larger dependency on determined
background levels. The differences in the IR passbands are mainly caused by
randomly distributed bright field stars.

To see whether our new measurement methodology improved the quality of
photometry, we compared them to the stochastic star cluster models within the
age range of logyo(t/yr) = 6.6 —10.1 and with masses of 10> M. These models
are based on PARSEC+COLIBRI isochrones” (Marigo et al. 2017) and were
calculated using the same method as described in de Meulenaer et al. (2017)
with 1000 iterations for each parameter node. We plot them in the background
of Fig. 6.8 without applying any extinction and we emphasize their density
distribution with contour plots. In Fig. 6.8 we show colour-colour diagrams of
Johnson et al. (2015, panels a-c) and our (panels d-f) photometry for the same
sample of clusters. Our measurements follow the distribution of the models
more closely in all of the panels. However, the largest differences are seen in

"http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 6.7. Differences between Johnson et al. (2015) published colours and
our final colours. Differences are calculated by subtracting our colours based
on m g, magnitudes from Johnson et al. (2015) colours in the respective pass-
bands. Red dots mark clusters which have only the upper limits of magnitudes
provided by Johnson et al. (2015).
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Figure 6.8. Colour-colour diagrams show star cluster photometry results by
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of 103 Mg, are shown in the background. Arrows in the lower-left corners of
panels indicate the extinction vectors of Ay = 1 mag.
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the IR passbands where the field star contamination is the most dominant.

We performed tests of the background level determination method used
in Johnson et al. (2015) and found that it is easily possible to overestima-
te the local background level if there are a couple of bright stars located in
the background region. It is likely that this is the reason that some clusters
in Johnson et al. (2015) have only the upper limits reported for them in the
F110W and F160W passbands. Young star clusters are especially sensitive to
the determined IR background level because they are very faint in their respec-
tive passbands (Fig. 6.8¢,f). Star clusters that are scattered at the upper right
corner in Fig. 6.8a are mostly the ones that have only the upper limits of the
UV magnitudes reported by Johnson et al. (2015). Since we determined back-
ground levels interactively, the accuracy of UV magnitudes is mainly limited
by the statistical noise rather than the possible overestimation of background
level. Star clusters scattered away from the models in Fig. 6.8d-f usually are
a result of either very complicated surrounding backgrounds, that are difficult
to take into account correctly, or have bright contaminating field stars falling
within the C aperture, or are strongly affected by extinction. A clear systema-
tic shift due to the extinction (notice the extinction vectors at the bottom-left
corner), can be observed between clusters and models in a) and d) panels.

6.2.7 Parameter derivation

We use the same methodology to derive cluster parameters as described in
publications by de Meulenaer et al. (2013, 2014, 2015a,b, 2017). The basic
idea is to compare integrated photometry of clusters to a pre-calculated bank
of theoretical clusters, which span a full range of expected parameters in age,
mass, metallicity and extinction. Cluster parameters have high degeneracy and
depend on various factors that need to be taken into account. For this reason
the star cluster bank is generated using random sampling of the initial mass
function (Kroupa 2002) with 1000 samples for each combination of parameters
(called nodes). Such random sampling mimics the effects of stochasticity that
is present in the observed clusters and can strongly affect derived parameters
(Fouesneau & Langon 2010).

Our bank of stochastic star cluster models cover the following parameter
ranges: ages — logio(t/yr) = 6.6 — 10.1 with a step of 0.05 dex, masses —
log10(M/Mg) = 2.0 — 6.5 with a step of 0.05 dex and metallicities — [Fe/H] =
—2.2 — 40.6 with a step of 0.2 dex. We interpolate star magnitudes based on
PARSEC 1.2S + COLIBRI PR16 (Marigo et al. 2017) isochrones. In order to
reduce the amount of computer memory required to load an entire bank, we
calculated extinction values during the comparison of models and observations.
Allowed extinction values range between E(B — V) = —0.03 and +1.0 mag
with a step of 0.01 mag. Negative values are used to account for the average
foreground extinction towards the M31, that is equal to F(B—V) = 0.055 mag
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Figure 6.9. Cluster mass (a) and extinction (b) distribution based on their

ages. Symbol sizes represent the number of overlapping clusters. Solid and
dashed lines show cluster detection limits in absolute magnitudes of Mpy75w =
—2 mag and —3 mag, respectively.

(Schlafly & Finkbeiner 2011) and was removed from the observations before
comparison. We calculate extinction using extinction curve by Cardelli et al.
(1989) with the standard extinction law of Ry = 3.1.

Before we derive cluster parameters we further reduced our sample size by
removing globular clusters, clearly gravitationally unbound stellar associations
and clusters that are strongly affected by projecting luminous field stars. This
left us with 929 star clusters that should all belong to the disk population
and have metallicities close to the Solar value (Gregersen et al. 2015). This
reduction of our cluster sample allowed us to fix metallicity to the Solar value,
in order to reduce the amount of possible parameter degeneracies.

In Fig. 6.9 we present age dependence for parameters derived for the 929
clusters with a fixed Solar metallicity. The overabundance of young clusters is
clearly visible in the a) panel and is likely that a significant portion of these
clusters are unbound and should disperse in the coming few Myrs, as evidence
of the small number of clusters at ages ~ 10 Myr. The lack of low mass and
old clusters can be explained by completeness effects. Solid and dashed lines
represent cluster detection limits at absolute magnitudes of Mpy7sp = —2
mag and —3 mag, respectively. Large concentration of low mass clusters at
~ 100 Myr includes small but compact clusters. Also, some of these low mass
clusters have red field stars projecting in their apertures, this results in older
ages being derived due to their redder integrated colours. Small mass clusters
are especially sensitive to this effect due to their low integrated luminosity.

Majority of clusters in our sample have masses between 10° Mg, and 10* M.
The reduced number of smaller mass clusters can be explained by two factors:
as already mentioned — smaller mass results in lower brightness thus they are
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Figure 6.10. Cluster distributions (black circles) according to their age (a)
and mass (b). A blue dashed line in the a) panel represents the decrease of the
number of detected clusters due to aging and decreasing luminosity. The red
doted line in panel a) represents the decrease of a number of clusters due to
environmental disruption (based on Boutloukos & Lamers 2003; Gieles 2009).
The dashed line in the b) panel represents the Schechter function (Gieles 2009)
with a characteristic mass equal to 5 x 10* M.

less likely to be detected and are affected by completeness the most; at the same
time they are more likely to be disrupted due to tidal interactions, since they
have smaller gravitation potential and lower stellar density (mass-dependant
disruption, Krumholz et al. 2019).

Cluster distribution in the b) panel represents combined MW (E(B —
V)mw = 0.055 mag) and M31 extinction. Obtained values show how strongly
cluster light is affected by the absorption and scattering of interstellar dust
grains. These values depend on whether the cluster is located behind or in
front of an interstellar cloud and whether light had to cross the disk where the
majority of molecular clouds are located. All of the young clusters are affected
by extinction to some degree, which is consistent with the fact that they are
still located close to the parent molecular clouds. Since, the only clusters with
the lowest extinction values are those that are older than ~ 30 Myr, this could
be an indication of the timescale over which they leave their parent clouds.

Fig. 6.10 shows cluster functions according to their age (a) and mass (b).
The blue dashed line represents the change in the number of detected clusters
due to fading, assuming a constant star formation rate. The overabundance
This likely stems from the fact that a
significant portion of the remaining clusters in our sample only appear to be

of young clusters is clearly visible.

gravitationally bound, but will disperse in the future few Myrs due to infant
mortality (Krumholz et al. 2019). This is strongly supported by the lack of
clusters at the ages ~ 10 Myr. When compared to the fading line, three

cluster number peaks are visible at ages ~ 30 Myr, ~ 80 Myr and ~ 250
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Myr. This could represent periods of increased star formation in the galaxy.
The reduced number of clusters older than 1 Gyr can likely be explained by
disruption, which happens due to tidal interactions with other objects, e.g.
giant molecular clouds. The red dotted line in panel a) represents a decrease of
the number of clusters due to disruption by assuming that clusters of a certain
mass disrupt after a certain amount of time (Boutloukos & Lamers 2003; Gieles
2009). In this case lower mass clusters disrupt faster than the more massive
ones. Using cluster mass function in panel b) we obtain the Schechter function
(Gieles 2009) with characteristic mass of clusters to be equal to 5 x 10* M.
Characteristic mass obtained by Johnson et al. (2017) is lower and equal to
8.5 x 103Mg. This discrepancy can be caused by different age ranges used
in both studies, our sample includes clusters older than 1 Gyr, while Johnson
et al. (2017) sample is limited to 300 Myr. It is possible that the star formation
rate was higher in the past, which could results in a formation of more massive
clusters. It is also evident in Fig. 6.9a that majority of clusters more massive
than 10* Mg, are older than 300 Myr.

6.2.8 Conclusions

We performed multicolour aperture photometry on a sample of 1181 star clus-
ters from the M31 PHAT survey (Dalcanton et al. 2012; Johnson et al. 2012,
2015). Our results show that the proposed methodology for photometry in
fields with strongly varying background levels gives more consistent results
when compared to theoretical stochastic cluster models. Two main issues ha-
ve been addressed that limit the accuracy of aperture photometry of clusters:
background level is determined interactively and consistently among all pass-
bands; projecting field stars are avoided due to the use of smaller apertures to
measure cluster colours only in the central parts. Usage of smaller apertures to
measure colour indices reduces effects of bright field stars that could dominate
in large apertures covering entire clusters. Around ~ 10% of clusters in our
samples contain bright field stars too close to the centre of a cluster and would
require a subtraction of individual resolved field stars. In order to remove indi-
vidual stars their photometry would need to be performed inside cluster centres
with extremely crowded fields at high accuracy.

We derived parameters for a sample of 929 disk clusters by discarding globu-
lar clusters, clearly unbound stellar associations and clusters with questionable
photometric quality. Based on the fact that we only analysed disk clusters
and in order to reduce degenaracies between parameters, we fixed metallicity
to Solar value. Using the stochastic cluster model bank we derived age, mass
and extinction for each cluster. Our sample includes clusters from the youn-
gest ages (~ 4 Myr) up to ~ 2.5 Gyr and masses spanning from 10? M, up to
10° M. Our results show that there could have been three periods of increased
star formation rates in the past ~ 300 Myr.
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6.3 Environmental influence on star cluster for-

mation

Usually clouds convert < 10% of their gas mass into stars before dispersing
(Kawamura et al. 2009; Dobbs & Pringle 2013). Under normal circumstances,
star formation is an inefficient process: on spatial scales larger than pre-stellar
cores only 1— 3% of the molecular gas is available for star formation. Only this
amount of gas is converted into stars every dynamical time (McKee & Ostriker
2007; Krumholz et al. 2012a). If star formation is inefficient, then once the
molecular cloud disperses it strongly shocks newly formed cluster and disrupts
it, because most of its mass is still in the gas phase; computer simulations
show that ~ 10 — 30% of the cloud mass must be converted into stars for
clusters to remain bound (e.g. Geyer & Burkert 2001; Baumgardt & Kroupa
2007). It is also possible that massive clouds (M 2 7 x 10¢ M) might be able
to withstand stellar feedback long enough for gas to be efficiently converted
into stars (Kroupa 2002; Bressert et al. 2012). Efficient star formation might
be required for clouds to form globular clusters, this means that less massive
clouds need to be additionally compressed in order to form stars more efficiently
(Escala & Larson 2008; Larsen 2010).

It is likely that the star formation rate is governed by the self-regulation
of processes happening inside the cloud. For example, the opposing forces of
cloud disrupting pressure created by stellar feedback and self-gravity of the gas
(e.g., Thompson et al. 2005). In such a case an increase in the pressure of the
ISM surrounding the cloud should result in an increase of the star formation
rate inside a cloud (Zubovas et al. 2013). The connection between the high
environmental pressure surrounding a cloud and an increased star formation
rate seem obvious, but it requires several assumptions for it to be true. The
first assumption is that external pressure actually enhances the star formation,
which means that a pressure increase can trigger an additional star forma-
tion inside a cloud. The second assumption is that there is enough material
in a cloud that can be compressed by external pressure to increase the rate
of collapse of dense gas clumps, thus accelerating an ongoing star formation.
Aforementioned assumptions cannot be tested in large-scale models, because
of the need for detailed calculations of cloud evolution and fragmentation on
the scale of individual molecular clouds. Typically, such resolution is below
galaxy-wide numerical simulations which use subgrid prescriptions for star for-
mation calculations. Based on this current situation, we performed numerical
SPH simulations of spherically symmetric turbulent clouds inside a low and
high pressure interstellar medium (ISM) to show its influence on the evolution
of molecular clouds.
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6.3.1 Cloud confinement by external pressure

Before we begin to analyse our numerical simulations we first make rough
estimates on the effects of external pressure on the molecular cloud evolution.
The results are scaled to a cloud of mass M = 105> Mg. It is a somewhat
massive example of a molecular cloud in the Milky Way (Roman-Duval et al.
2010). Using the Larson (1981) and Solomon et al. (1987) relations, we find
that the size of such a cloud should be L ~ 17 pc, for this reason we choose
the cloud radius to be R = 10 pc ~ L/2. Additionally, we choose velocity
dispersion of the cloud oty = 3.6 km/s for it to be supported against self-
gravity (see below). For simplicity, we assume that the cloud is spherical with

uniform density of n¢ ~ 380 cm 3.

The gravitational binding energy of the cloud is

ep ~ 3GM ~ 25 x 1011M5R1_01 erg g !, (6.2)
5 R
where My = M/10° Mg and Rig = R/(10 pc). The virial temperature of
the cloud is Tyir =~ 3800M5R1_01 K, much higher than the gas temperature
of molecular clouds T" ~ 10 K. Rapid gravitational collapse of the cloud is
prevented by supersonic turbulence, that has turbulent velocity dispersion

3 GM 1/2 ,—1/2 -
Teurh =~ ,/TOT::&GMS/ Ry /% kms™1. (6.3)

In a simplified case, the pressure surrounding the cloud increases isotropi-
cally and homogeneously. In reality this is an unlikely scenario, because usually
an increase in ISM pressure is caused by a shockwave traveling at a finite speed.
Nevertheless, this assumption allows us to qualitatively show external pressure
effects without going too deep into complicated calculations. The high isotro-
pic pressure compresses the cloud and in order for it to withstand this pressure,
the cloud could develop higher turbulent velocity dispersion. We can update
the equation (6.3) to include external confinement:

[3 GM  Psm
L~ [ — ; 4
Oturb 10 R + Dl ’ (6 )

alternatively, one can express the updated velocity dispersion in terms of the

pressure ratio:

T _
Olosn = Orarpy ) 1+ MM 0 30 2RY2PY ks, (6.5)

NLyir

In this equation, nigy and Tigym refer to the density and temperature of the
surrounding ISM, respectively, and P; = Pigm/ (107k‘b K cm_?’). Evolution
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timescale for the compressed cloud can be expressed as an effective dynamical

timescale:
Tturb nismTism \ 2
o~ tgon —2 ¢ 14 22V , 6.6
v n O—‘éurb dvn ( * nTvir ) ( )

where tqyn ~ 1.7My Y 2R%2 Myr « o}, is the dynamical timescale of the
cloud.

In addition to the compression it is possible that a shockwave develops
inside the cloud. A Shockwave should form if Pigm > Paray. The timescale

for the shockwave to travel from the edge to the centre of the cloud, known

/
dyn

as Pism > Pgray. If this condition is not satisfied, then the cloud crushing

as the cloud crushing timescale (Klein et al. 1994), is the same as ¢} as long
timescale becomes longer than the dynamical timescale and cloud crushing in
such a case is negligible.

We make an additional assumption that the gas remains mostly molecular
inside the traveling shock, since the temperature increase is not high enough
to completely destroy Ho or CO. Using the cooling function approximation
from McKee & Cowie (1977, Table 1), the gas cooling time is o0 ~ 400 yr
< t’dyn. This allows us to assume that the postshock gas cools instantaneously
and attains density equal to (cf. Jog & Solomon 1992)

16 Tsn ~ Pism

?ﬂnd ~ Poer Ne =~ 2.7 X 103P7M51R10 cm ™3, (6.7)

Nfinal =~

The resulting density increase by ~ 7 times over the preshock gas density
effectively lowers the Jeans’ length and mass of the post-shock gas by a factor
of ~ 2.6, if we make an assumption that the temperature stays the same. This
allows for smaller density clumps to become unstable and collapse to form stars,
and leads to accelerated star formation in the compressed cloud.

6.3.2 Numerical simulations

We use the hybrid N-body/SPH code GADGET-3 (an updated version of the
publicly available code from Springel 2005) to run molecular cloud evolution
calculations. All of our models start with a spherically symmetric cloud, with
a radius of R = 10 pc and mass equal to M = 10> M. The mean density
of molecular hydrogen in such a cloud would be n¢g ~ 380 cm™3 ~ 1,27 x
1072! g cm~3. The dynamical time of the cloud is tayn ~ 1.7 Myr. The cloud
is supported against the collapse from self-gravity by gas turbulence with a
characteristic velocity otub. In the analysed models oty = 4 km/s, which
should provide enough dynamical pressure to hold the cloud against self-gravity.

In our simulations clouds are surrounded by an ISM with particle density
nism = 1 cm™2 and temperature of either 10° K or 107 K. This produces a
pressure either much lower or much higher than the dynamical pressure of the
cloud: (Pism/k, = 10° K em™3) and (Pisp/kn = 107 K em™3), respectively.
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Table 6.4. The list of model parameters and results

Model ID Vturb TISM Lsink tfrag Th €ff,sink
t4TH 4 105 1.26 1.78 4.26 0.08
t4T7 4 10" 037 043 137 >0.9*

Notes. The first column shows the model ID. The ne-
xt two columns provide the parameters: cloud turbulence
velocity (in km/s) and confining ISM temperature (in K),
respectively. The final four columns are the primary re-
sults: time of formation of the first sink particles tgnx (in
Myr), fragmentation timescale tgag (in Myr), correspon-
ding to the time when sink particles account for 20% of
the total cloud mass, half mass radius ry, (in pc) at frag-
mentation time, and efficiency of gas conversion into sink
particles in one dynamical time eg gink. The number with
asterisk (*) is extrapolated from earlier snapshots.

For this reason the models with low ISM pressure are called “uncompressed”
and models with high ISM pressure are called “compressed”.

All of the models are constructed from N = 10° SPH particles (one particle
mass is mgpg = 0.1 M) that represent the cloud with a mass resolution of
Mres = 442mgpg = 44.2 M. This resolution is high enough to resolve very
massive stars and small stellar associations. We use a cooling function from
Inoue & Inutsuka (2008) appropriate for dense gas at temperatures between
10 and 10* K. We turn off cooling for gas at temperatures between 3 x 10* K
and Tisy so that temperature of the surrounding ISM would stay constant.
Calculations are performed inside a periodic box, with a side length equal to
80 pc. These conditions allow us to model the cloud gases with reasonable
accuracy and keep the surrounding ISM isothermal.

In order to speed up simulations and track the fragmentation within the
cloud, we introduced sink particles in regions where the density exceeds pcriy =
1077 gem ™ ~ 1.5x10° Mg pc—2. At temperature T' = 10 K, this corresponds
to a Jeans’ mass My ~ 0.4 Mgy = 4mgpy. This mass is similar to that of pre-
stellar cores, so our simulations should not overproduce the number and total
mass of fragments. The low Jeans’ mass allows us to track gas dynamics down
to the resolution limit and below, although with lower accuracy at masses
bellow the resolution of ~ 40 M.

The set of analysed models are listed in Table 6.4. We analysed models t4T5
and t4T7, where each model is labelled by the value of turbulence (“t”, in km/s)
and logarithm of the surrounding ISM temperature (“T”). These simulations
are designed to show the differences between the basic behaviour of compressed
and uncompressed clouds.

For each model, we derived four parameters which can be used for a qu-
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antitative comparison between them. The first parameter represents the time
when the first sink particle forms (¢gnk ), which can be used as indication of the
beginning of star formation. The second parameter is the fragmentation time
(tfrag) that is defined as the time when the sink particle mass fraction reaches
20%. The third parameter is the half-mass radius of the sink particles (r})
at t = tqag. The fourth parameter represents the efficiency of star formation
in the cloud as the mass fraction inside the sink particles after one dynamical
time (€g sink), i.e. 1.7 Myr. The obtained values for all these parameters are
given in the last four columns of Table 6.4.

6.3.3 Results

Figs. 6.11 and 6.12 show the surface density plots that represent the evolu-
tion of uncompressed (t4T5) and compressed (t4T7) models, respectively. The
uncompressed model slightly expands at first and develops higher density fi-
laments due to turbulence, but starts to collapse once it decays. Density of
the gas increases faster in the central parts of the cloud than in the outer re-
gions. This results in star formation being mostly concentrated in the centre
of the cloud along the filaments (upper right panel of the Fig. 6.11). In an un-
compressed cloud the fraction of mass converted into sink particles during one
dynamical time of the cloud (~ 1.7 Myr) is equal to €g sink =~ 8%. Sink particle
formation should have the actual star formation efficiency anywhere between
25% and 75% (Matzner & McKee 2000; Alves et al. 2007) which results in the
cloud’s star formation efficiency of eg . ~ 2 — 6%. The obtained results are
very similar to the observationally derived values (McKee & Ostriker 2007),
but these results are sensitive to the initial conditions inside the cloud, e.g. the
characteristic turbulent velocity of the cloud (Bate et al. 2003).

Evolution of the compressed cloud shown in Fig. 6.12 is significantly diffe-
rent. The cloud is compressed and confined by the hot ISM, but the shockwave
expected from the analytical calculations does not seem to appear. This can
be explained by the formation of dense gas clumps that appear at the surface
of the cloud. These instabilities look like thick fingers and are visible in the
upper right panel of Fig. 6.12. The formation of first sink particles begin at
t ~ 0.37 Myr. While they form in the central parts of the cloud, just like
in the uncompressed model, but they appear to be concentrated in a single
clump rather than along the filaments. Most of the gas collapses into sink
particles well before 1.7 Myr, which translates into sink formation efficiency of
€ff sink > 100%.

Fig. 6.13 shows fragmentation rate represented by the formation of sink
particles (dashed lines) and the mass fraction of sink particles of a total cloud
mass (solid lines). The X axis is scaled to the fragmentation timescale tfrag
(see Table 6.4). Evolution of displayed parameters is very different between
both models. Compressed model t4T7 (red lines) forms stars at ~ 10 times the
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Figure 6.11. Snapshots taken during the evolution of the uncompressed cloud
(t4T5). Upper left panel shows surface gas density inside the cloud after ¢ =
1.26 Myr of evolution, just before the first sink particles start to form. During
this phase the cloud slightly expands and develops an uneven density structure
due to turbulence. The highest densities are concentrated towards the centre
along several high-density clumps and filaments. Upper right panel shows the
cloud structure after t = 1.78 Myr of evolution, when sink particles account for
20% of the clouds mass. Sink particles are mostly concentrated in the centre of
the cloud, where the gas dynamical time is shortest and densities are highest.
Lower panel zooms in to the centre of the cloud at ¢t = 1.78 Myr. Sink particles
are distributed in several dense clumps formed inside dense filaments. Note the
density scale changes in this panel compared with the previous two. In the last
panel, only 10% of sink particles are shown for clarity.

144



y[pc]
y[pc]

-2
log 2 [gcm?]

-1
log = [gcm?]

Figure 6.12. Snapshots taken during the evolution of the compressed cloud
(t4T7). Upper left panel shows surface gas density after ¢ = 0.14 Myr of evolu-
tion. The cloud is compressed by the surrounding ISM and starts to develop an
overdense shell at its surface. Upper right panel shows the compressed cloud
after t = 0.37 Myr of evolution, just before the first sink particles start to form.
The cloud radius is rapidly decreasing, but dense gas clumps on the surface of
the cloud destroy a coherent shockwave. Lower panel shows central regions of
the cloud after t = 0.43 Myr of evolution. At this point sink particles already
contain 20% of the cloud’s mass. Sink particles are forming rapidly in a mostly
uniform clump in the centre of the cloud. Note the density and scale change
in this panel when comparing to the previous two. In the last panel, only 10%
of sink particles are shown for clarity.
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Figure 6.13. Evolution of fragmentation rates and growth of the portion of
mass confined inside the sink particles. The time axis is scaled to the fragmen-
tation timescale tfag (see Table 6.4). The compressed cloud has much higher
rates of fragmentation and a much faster appearance of the first sink particles,
lower tgrag-

rate of the uncompressed model t4T5. Even when scaled to the fragmentation
timescale tgag, the growth of sink particle mass fraction is much faster in the
compressed cloud.

Analytical solutions predict that the effective dynamical time ratio of
uncompressed and compressed clouds (eq. 6.6) should be tayn/t;, =~
(Pism + Pgmv/Png)l/2 ~ 2.9. While the ratio of the times the first sink
particles form is somewhat larger — 1.26/0.37 ~ 3.4. The difference is even
larger when we compare the fragmentation timescales: tgag taT5/tfrag,taT7 =
1.78/0.43 ~ 4.1. Accelerated star formation rates can possibly be explained
by the formation of dense clumps during collapse of the compressed cloud.
This effect splits gas into dense and diffuse regions, even though mean densi-
ty around the cloud stays relatively the same. Increased density inside these
clumps creates favorable conditions for sink particle formation.

Our results show that external compression enhances molecular cloud star
formation. It accelerates collapse of the cloud and reduces the effective dyna-
mical time. Compression also generates high density gas clumps at the surface
of the cloud, which creates possibility for larger portion of gas to take part in

star formation inside the cloud.

6.3.4 Conclusions

Our research shows that high external pressure can have a dominant effect on
the evolution and star formation inside a molecular cloud, even though our
models require a lot of simplifying assumptions. Star formation in a comp-
ressed cloud increases more than simple analytical predictions would suggest.
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Accelerated star formation leads to a larger fraction of gas mass converted into
dense gas clumps, this results in an increased star formation rate and efficien-
cy. Additionally, stars form in a single cluster instead of along filaments, which
could results in more strongly bound star clusters. These effects should be ta-
ken into account in subgrid prescriptions of large-scale simulations. This could
be done by including the pressure of surrounding hot gas into star formation
calculations.
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6.4 Main results

We have performed star cluster studies in various galactic environments and
determined their parameters.

The irregular dwarf galaxy Leo A has low metallicity (12+1log(O/H) = 7.4)
and star formation rates but a significant portion of its baryonic mass is still in
gas phase. We performed star cluster search on the available HST ACS images
and discovered four new cluster candidates. All of the currently known clusters
in this galaxy have low masses (< 300Mg) and young ages (< 100 Myr).

We developed a new integrated photometry technique that avoids a large
portion of contaminating sources and obtains more reliable clusters colour in-
dices. This is accomplished by using two sets of apertures: the larger one to
measure total cluster magnitude in the least contaminated passband and the
smaller one, to measure cluster colours by avoiding as many field objects as
possible. Additionally, we determined background levels for each cluster in
each passband interactively and consistently. We used this methodology to
measure 1181 clusters in M31 galaxy based on the HST PHAT survey. We ha-
ve shown that resulting photometry matches theoretical clusters much better
than measurements performed using automated methods.

Using our measurements we determined parameters of age, mass and extinc-
tion for 929 M31 disk star clusters. Parameters were determined fixing Solar
metallicity and using the stochastic cluster model bank. Our results show that
there could have been at least 3 instances of star formation rate increasing in
the past 300 Myr.

We performed molecular cloud collapse simulations to show the differences
between star cluster formation in low and high pressure environments surroun-
ding the cloud. Our results show that external pressure can have a dominant
effect on the evolution of the cloud and significantly increase star formation ra-
te and efficiency over one dynamical timescale. In addition, star clusters tend
to form in a more compact central structure when the cloud has additional
compression, which could results in higher gravitational boundedness.
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ABSTRACT

Context. Leo A is an isolated gas-rich dwarf irregular galaxy of low stellar mass and metallicity residing at the outskirts of the Local
Group. Ages of the stellar populations in Leo A range from ~10 Myr to ~10 Gyr. So far, only one star cluster has been discovered in

this galaxy.

Aims. Our aim is to search for star cluster candidates in the Leo A galaxy.

Methods. We performed photometry of star-like objects on HST ACS archive observation frames in the F475W and F814W passbands
and studied the spatial clustering of the Leo A stars down to the turn-off point of the old stellar populations.

Results. We report the discovery of four star clusters in the Leo A galaxy. This means that now a sample of five star clusters is known
in Leo A. Two clusters are of a young age (~20 Myr; overlapping with Hn regions) and low in mass (2400 M,, and 2150 M), the
other three clusters are older (2100 Myr) and also of low mass (2300 M,). These rough estimates are made assuming the isochrones
of a metallicity derived for Hn regions (Z = 0.0007). Colour-magnitude diagrams of the stars residing in the circular areas of a 2.5”
radius around the clusters and integrated aperture photometry results of the clusters are presented.

Key words. galaxies: dwarf — galaxies: star clusters: general — galaxies: individual: Leo A (DDO 69)

1. Introduction

Studies of star clusters in low-metallicity environments help us
to understand star formation processes in the high-redshift Uni-
verse. The issues of star cluster formation and evolution in var-
ious types of galaxies have been broadly discussed recently by
Renaud (2018), where the importance of star cluster evolution
in low-metallicity dwarf galaxies, resembling conditions of star
formation in the early Universe, was stressed. One of the best
targets for testing various star cluster formation scenarios at an
extremely low metallicity is the nearby dwarf irregular galaxy
Leo A. However, previous studies reported only one star clus-
ter in this galaxy (Stonkute et al. 2015) that was discovered in
the deep Hubble Space Telescope (HST) Advanced Camera for
Surveys (ACS) images (Cole et al. 2007). In this paper we report
the discovery of four new star cluster candidates that we found
in the same set of HST ACS images.

Leo A (Fig. 1) is an isolated dwarf irregular galaxy
in the Local Group. It is a gas-rich (Hunteretal. 2012)
star system dominated by dark matter (Brown etal. 2007)
with a low metallicity (van Zee et al. 2006; Kirby et al. 2017;
Ruiz-Escobedo et al. 2018). The present-day low star formation
activity is indicated by the few Hu regions, while the existence
of an old stellar population is proven by the detection of RR Lyr
stars (Dolphin et al. 2002; Bernard et al. 2013). Stellar photom-
etry performed with the HST Wide Field and Planetary Cam-
era 2 (WFPC2; Tolstoy et al. 1998; Schulte-Ladbeck et al. 2002)
revealed an unusual star formation history (SFH) in Leo A:
the galaxy is dominated by relatively young (<4 Gyr) stellar
populations. Deep stellar photometry below the turn-oft of the
oldest populations performed with the HST ACS (Cole et al.
2007) confirmed previous findings and established an SFH sce-
nario of a “young galaxy”. The outer parts of the galaxy were

Article published by EDP Sciences

studied with the Subaru Suprime-Cam by Vansevicius et al.
(2004) and the HST Wide Field Camera 3 (WFC3) by
Stonkute et al. (2018), and revealed a presence of an extended
(up to 10") elliptical stellar envelope.

The basic parameters of the Leo A galaxy, derived from the
RGB star distribution (Vansevicius et al. 2004), are adopted in
this study: centre coordinates of the galaxy, @ = 9"59™24%,
& = +30°44’47” (J2000); an ellipticity, that is, the ratio of the
semi-minor to the semi-major axis, b/a = 0.6; and a position
angle of the major axis, PA = 114°. The distance to Leo A of
800kpc (1" = 230 pc; Dolphin et al. 2002) is based on RR Lyrae
stars. The foreground Milky Way (MW) extinction estimates
towards Leo A are taken from Schlafly & Finkbeiner (2011),
A(F475W) = 0.068 and A(F814W) = 0.032. The parameters
of Leo A are summarised in Table 1.

The structure of the paper is the following: Sect. 2 presents
details of the archive observation data, reductions, and stellar
photometry. Section 3 presents the results of star cluster detec-
tion and the determination of their parameters. Conclusions are
presented in Sect. 4.

2. Observation data and stellar photometry

Stellar photometry and integrated photometry of star clusters
were performed using HST ACS frames in the F475W and
F814W passbands from the project Local Cosmology from Iso-
lated Dwarfs (LCID'), see Cole et al. (2007) for observation
details.

The archival data were downloaded from the Mikul-
ski Archive for Space Telescopes (MAST). We retrieved

! http://www.iac.es/proyecto/LCID
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Fig. 1. Subaru Suprime-Cam B-passband image of the Leo A galaxy (Stonkute et al. 2014). The ellipse (b/a = 0.6; PA = 114°) of the semi-major
axis equal to the Holmberg radius, @ = 3.5 (Mateo 1998), centred at @ = 9"59™24%, § = +30°44'47” (J2000), is shown by the white line. The HST
ACS field (Cole et al. 2007) is marked by the black line. Discovered star clusters are marked by white open circles. North is up, east is left.

bias-subtracted, flat-fielded, charge transfer efficiency (CTE)
corrected HST ACS flc images produced by the STScI “on-
the-fly reprocessing” (OTFR) pipeline OPUS versions 2015_2b,
which used CALACS version 8.3.0.

To perform stellar photometry we used the software package
DOLPHOT 2.0 (Dolphin 2000, and many unpublished updates).
‘We followed the recommended preprocessing steps and the pho-
tometry recipe provided in the manual for the HST ACS mod-
ule (version of 24 February 2016). We used AstroDrizzle
1.1.16 (default parameter values) to create clean, deep-drizzled
reference frames for object detection and coordinate transforma-
tions from 16 sub-exposures in each of the F475W and F814W
passbands. This also allowed us to flag cosmic rays in the indi-
vidual flc images and to update data quality images.

We used the values of the DOLPHOT parameters recom-
mended in the HST ACS manual: the FitSky parameter was set
to 1, which means the sky fitting in an annulus around each star
(Rinner = 15, Rower = 35 pixels) and the point-spread function
(PSF) fitting inside a radius of Ryper = 4 pixels.

DOLPHOT determines magnitudes, magnitude errors, object
fit, and shape parameters in individual flc frames, and then
combines them per filter. To combine the magnitudes we set a
parameter FlagMask =5, which means that only measurements
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with error flags equal to 0 (excellent photometric quality) and 2
(bad or saturated pixels are present) were used.

In order to optimise the parameters for the photometry,
we performed numerous tests with various source detection
thresholds (SigFind and SigFinal), and a minimum allowed
separation for two stars (RCombine). The best photometry
quality was achieved with SigFind=1.5, SigFinal =4, and
RCombine=1.5. These parameter values were applied for the
final photometry. We also set the parameter Forcel=1 (all
detected sources are fitted as stars), as is suggested for crowded
field photometry, and for the further analysis, we selected only
stars with the object type flag equal to 1 and a signal-to-noise
ratio >5.0.

The initial photometry catalogue contained measurements in
two passbands of 189 947 objects. In order to clean the photome-
try catalogue, combined mosaic images were visually inspected,
and objects falling on obvious background galaxies, bright MW
stars, or image artefacts, as well as those residing closer to
the frame borders than 2 X Ryper = 8 pixels, were rejected.
In order to further clean the catalogue from extended objects,
we rejected objects by sharpness in both passbands (0.2 <
sharpnessgg;qw < —0.2 and 0.2 < sharpnessgysy;w < —0.2).
This left us with N = 151 146 objects.
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Table 1. Parameters of the Leo A galaxy.

Parameter Value Reference

@(J2000); 6(J2000) 9:59:24.0; +30:44:47 VanseviCius et al. (2004), RGB stars

bja; PA 0.60; 114° VanseviCius et al. (2004), RGB stars

(m— M), 24.51 +£0.12 (0.80 £ 0.04 Mpc)  Dolphin et al. (2002), RR Lyrae stars
A(F4T5W); A(F814W)  0.068; 0.032 Schlafly & Finkbeiner (2011)

Mstars 3.3 x 10° My, Kirby et al. (2017)

My, 6.9 x 10° Mg, Hunter et al. (2012)

M/Ly 20+ 6 Mo/Lo Brown et al. (2007), B supergiants and H i1 zones
12+1log(O/H) 7.38 £0.1 van Zee et al. (2006), a planetary nebula and H i1 zones
12+log(O/H) 74+0.2 Ruiz-Escobedo et al. (2018), Hu zones
<[Fe/H]> —-1.67+0% Kirby et al. (2017), RGB stars

—0.08

Notes. (J2000) and 6(J2000) are the equatorial coordinates of the galaxy centre; b/a is the ratio of minor to major axes; PA is the position angle
of the major axis; (m — M), is the true distance modulus; A(F475W) and A(F814W) are the foreground extinction in corresponding passbands;
Msrags is the stellar mass; My, is the mass of neutral hydrogen; M/Ly is the lower limit of the mass-to-luminosity ratio; 12 + log(O/H) is the

oxygen abundance; and <[Fe/H]> is the average metallicity.

3. Results and discussions

Compact star cluster recognition in galaxies at the outskirts of
the Local Group based on images, taken even at observatories
located in the best astroclimate conditions, is a very difficult task
(Narbutis et al. 2008; Stonkuteé et al. 2008). To search for the
compact low-mass star clusters in the Leo A galaxy we there-
fore used available HST ACS archive images in the F475W
and F814W passbands and colour—magnitude diagrams (CMDs)
constructed from the stellar photometry data described in Sect. 2.

To search for star clusterings we selected reliably identified
and measured stars (F814W < 28), and excluded the reddest
stars (F475W — F814W > 2.0), which most probably are fore-
ground MW stars. In total, we used 98 525 stars within the HST
ACS field and analysed their clustering. We used three circular
cluster kernel sizes of radii 0.50”, 0.75”, and 1.00” in order to
reveal compact (<2 pc) and more extended (~4 pc) star cluster-
ings. The individual background number density for each kernel
position was estimated in an annulus from 1.0” to 2.0” around
the kernel centre, and then was subtracted from the number den-
sity determined within the kernel. As a result, three number den-
sity maps were produced and intercorrelated. The star number
density map obtained using the kernel of 0.50” radius contained
all significant star clusterings seen in two other maps derived
with larger kernels. The further analysis was therefore based on
this star number density map.

As the first step, we calculated the ratio of star number den-
sities within a radius of 0.5” and an annulus background zone
from 1.0” to 2.0” radius for each pixel. Arbitrarily assuming
a lower threshold for the star number density ratio equal to 5,
we ended up with 76 pre-selected star clusterings worth study-
ing in more detail. However, a careful inspection of the pre-
selected candidates on the HST ACS mosaics independently by
five team members, using the by-eye procedure described in
detail by Johnson et al. (2012), left us with the 5 most promi-
nent star cluster candidates. It is worth noting, however, that the
super-position of stars could only marginally affect identification
reliability of cluster candidates because of well-resolved stellar
populations and a comfortably oriented galaxy disk.

The colour images of the clusters and their CMDs (Fig. 2)
show the star-like objects (filled black circles in CMDs) residing
inside the green circle that marks the cluster itself and star-like
objects (open circles) residing inside the circle of 2.5” radius.
The colour images of clusters are constructed from the HST ACS

frames taking images in the F814W, (F475W + F814W)/2, and
F475W passbands as an input to RGB channels.

The determination of an accurate centre position of the well-
resolved star cluster is a sensitive procedure. For this purpose we
used peaks on the spatially smoothed star number density map
at the positions of suspected star clusters. An integrated grow-
ing circular aperture (the aperture radius increases by 0.1” up
to the radius of 2.5”) photometry around these positions was
performed, and radii of the first sudden flattening of the growth
curves were determined for each cluster candidate. These radii
were assumed as measures of cluster sizes (the parameter R in
Table 2). The half-light radii R, were measured on photomet-
ric growth curves at the levels corresponding to the magnitudes
derived at radii R plus 0.75. The radii of star clusters (R and
Ry) estimated independently from the photometric growth curves
in the F475W and F814W passbands coincide well within half
of the applied aperture growth step, 0.05”. We note, however,
that for the cluster LeoA-C2, the growth curve based on the star
number count was used instead because a peculiar photomet-
ric growth curve arose as a result of much fainter stars that sur-
rounded an extremely bright star.

The integrated magnitudes and colour indices, derived
through the circular apertures of radii R and 2 X Ry, are listed
in Table 2. The estimated accuracy of the integrated aperture
photometry (magnitudes and colour indices), taking into account
the errors in background level and magnitude zero-point, is
~0.05. Moreover, the correct sky background subtraction is crit-
ical for determining the shape of the photometric growth curves
in the outer regions of the clusters; for a detailed discussion, see
Hill & Zaritsky (2006). In order to estimate possible errors of the
sky background subtraction, we constructed the cluster photo-
metric profiles with sky background estimates derived in annuli
of different sizes in the radii range of 1.5-3.0”. However, this
led to relatively small half-light radii changes: ARy, ~ £0.05”.

To estimate the age of star clusters, we used PARSEC
isochrones, release v1.2S (Bressanetal. 2012), with Z =
0.0007 metallicity. Isochrones of 20 Myr (a cyan line), 100 Myr
(a blue line), and 500 Myr (a red line) are shown in all pan-
els of Fig. 2 for reference. The isochrones are adjusted assum-
ing the Leo A distance modulus of 24.51 (Dolphin et al. 2002)
and a foreground MW extinction, A(F475W) = 0.068 and
A(F814W) = 0.032 (Schlafly & Finkbeiner 2011). The decision
to use isochrones of Z = 0.0007 metallicity is based on the
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Fig. 2. Colour images (5" x 5”) of the clusters (identification codes are shown in lower right corners of each panel) and their CMDs showing the
star-like objects residing inside the green circle (radius is equal to R, see Table 2) marking the cluster itself (filled black circles) and star-like objects
residing inside the circle of 2.5” radius (open circles). The colour images of clusters are constructed from the HST ACS frames taking images in
the F814W, (FAT5W + F814W)/2, and F475W passbands as an input to RGB channels. The PARSEC isochrones, release v1.2S (Bressan et al.
2012), of Z = 0.0007 metallicity and ages of 20 Myr (the cyan line), 100 Myr (the blue line), and 500 Myr (the red line) are shown in all panels.
All isochrones are adjusted for the distance modulus of 24.51 and MW foreground reddening, A(F475W) = 0.068 and A(F814W) = 0.032.

oxygen abundance (12 + log(O/H) = 7.4) determined
for Hu regions in Leo A by vanZeeetal. (2006) and
Ruiz-Escobedo et al. (2018). We note, however, that the young
ages estimated from the upper main-sequence stars of the clus-
ters are rather insensitive to the assumed metallicity. An inde-
pendent strong support of the young ages of the LeoA-C1 and
LeoA-C2 clusters is their location in the areas of prominent H
zones (Fig. 3).

Based on the ages of the star clusters, we estimated their
approximate mass to be in the range of ~200-500 M, (Table 2).
The mass of star clusters was determined from the distribution
of the blue (F475W — F814W < 0.5) bright (F814W < 26) stars
located on or near the main sequence (Fig. 2). We applied the
initial mass function by Kroupa (2002) in the stellar mass range
from 0.08 to 120 M.

In order to estimate the fraction of stars that form in clusters,
we employed the recent SFH in Leo A derived within the area
of the HST ACS field (Ceponis et al. 2018). Taking into account
two young clusters (LeoA-C1 and LeoA-C2) and stars formed
during the last 30 Myr, we determine that ~10% of stars were
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formed in clusters. Taking into account all five clusters (LeoA-
C1-C5) and stars formed during the last 200 Myr, we derive that
~2% of stars were formed in clusters. A large difference of these
estimates arises, most probably, from selection effects (detection
incompleteness of older clusters) and cluster destruction or dis-
solution processes.

Finally, we would like to stress that all physical parameters
derived for the low-mass (~300 M) star clusters are subject to
strong stochastic effects (de Meulenaer et al. 2014) and should
be treated carefully just as best-guess estimates.

4. Conclusions

The aim of this study was to search for compact star cluster
candidates in the dwarf irregular galaxy Leo A, which has an
extremely low metallicity (Kirby et al. 2017). So far, only one
star cluster (LeoA-C1), discovered recently by Stonkuté et al.
(2015), was known in this galaxy.

We have performed photometry of star-like objects on HST
ACS archive frames in the F475W and F814W passbands
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Table 2. Parameters of star clusters in Leo A.

ID a(J2000)  6(J2000)  R[’] Ry ["] F814W F8I14W2R, Cl Chy, Age(Myr) Mass (Mp)
(€] )] 3) “) ) ©6) @ ®) (&) 10 an
LeoA-C1  9:59:16.5 1.50  0.55 19.85 19.96 -0.11  -0.11 ~20 2400
LeoA-C2  9:59:17.2 1.25 0.7 20.82 20.79 -0.24 -0.23 ~20 2150
LeoA-C3  9:59:17.9 .00 0.31 21.69 21.86 -0.15 -0.14 2100 2300
LeoA-C4  9:59:26.9 095 037 21.68 21.89 0.02 -0.06 2100 2300
LeoA-C5  9:59:28.5 +30:44:50 090  0.34 21.78 21.85 -0.14 -0.15 2100 2300

Notes. (1) ID is the cluster identification number; (2) @(J2000) and (3) 6(J2000) are the equatorial coordinates; (4) R is the radius of the cluster

in arcsec (in Fig. 2 it is marked with a green circle); (5) Ry, is the half-

light radius of the cluster derived from the photometric growth curve

in arcsec (the asterisk shows the half-light radius of the cluster LeoA-C2 estimated from the star number count); (6) F814W is the magnitude
measured through the aperture of radius R; (7) F814Way, is the magnitude measured through the aperture of radius 2 x Ry; (8) CI is the colour
index F475W — F814W measured through the aperture of radius R; (9) Clag, is the colour index F475W — F814W measured through the aperture
of radius 2 X Ry; (10) age (Myr) is a rough estimate of the cluster age in Myr; and (11) mass (M) is a rough estimate of the cluster mass in solar

masses, Mg.

Fig. 3. Composite colour images (30" X 30”) of star clusters LeoA-C1
and LeoA-C2. The colour images of the clusters are made from the Sub-
aru Suprime-Cam frames (Stonkuté et al. 2014) taken in the He, V, and
B passbands as input to the RGB channels. The green circles that mark
the clusters are of the same size as in Fig. 2. North is up, east is left.

covering the centre of Leo A and have studied the spatial
clustering of the stars down to the turn-off point of old stel-
lar populations. We found four new compact low-mass star
cluster candidates. Based on the cluster CMDs analysis apply-
ing the isochrones (Bressan et al. 2012) with metallicity Z =
0.0007, which is derived for Hu regions (van Zee et al. 2006;
Ruiz-Escobedo et al. 2018), relatively young cluster ages and
low masses were estimated (LeoA-C2: ~20 Myr and 2150 M;
LeoA-C3-C5: 2100 Myr and 2300 Mo).

The finding of such low-mass (~300 M) and young- to
intermediate-age (~20-100 Myr) star clusters in the low stellar
mass (3.3 x 10° M) and the extremely low metallicity (12 +
log (O/H) = 7.4) dwarf irregular galaxy Leo A (in which CO
emission has not been detected so far) could help constrain star
formation scenarios in the early Universe. The problems of low-
mass star clusters that reside in similar environments have been
addressed only recently: an extensive study of star clusters in
the LEGUS dwarf galaxies has been published by Cook et al.
(2019). The Leo A galaxy is at the lowest mass and at the low-
est metallicity limits of the LEGUS dwarf galaxies. Therefore,
clusters discovered in Leo A consistently extend the parameter
space of star clusters measured in the LEGUS dwarfs.

However, in order to determine a complete census of star
clusters in the Leo A galaxy, a much larger field (about four
times larger), observed with the resolution of the HST ACS or

WFC3 cameras, is needed. This conclusion is supported by the
number of additional star cluster candidates seen in the Subaru
Suprime-Cam frames, for instance, the obvious young star clus-
ter embedded in the H it region resides just outside the HST ACS
field; see ~8” to the north-west of LeoA-C1 in Fig. 3.
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ABSTRACT

Context. This study is the sixth of a series that investigates the degeneracy and stochasticity problems present in the determination of

age, mass, extinction, and metallicity of partially resolved or unresol
photometry. In the fifth publication, it was noticed that inconsistenc;

ved star clusters in external galaxies when using HST broad-band
ies of cluster colour indices, arising due to projecting foreground

and background stars within the apertures, enhance age-metallicity-extinction degeneracies.

Aims. In this work, we aim to present a new aperture photometry ca
Methods. To avoid numerous foreground and background stars proj

talogue of a sample of star clusters from the M 31 PHAT survey.
ecting within large apertures used to measure a total cluster flux,

we performed photometry by employing smaller apertures covering only the brightest parts of clusters. Then we applied an aperture
correction derived for the least contaminated passband F475W to all other passbands. However, this procedure is valid only in the

cases when the radial colour gradient in star clusters is absent.

Results. We present a catalogue of aperture photometry with estimated uncertainties for a sample of 1181 star clusters from the M 31
PHAT survey. Compared to the M 31 PHAT fundamental star cluster aperture photometry catalogue published by Johnson et al., there
are changes made in the following: centre coordinates, aperture sizes, sky background estimates, frame defect treatment. Also, we
show magnitude and colour index differences between our results and the ones published by Johnson et al.

Conclusions. The catalogue of star cluster aperture photometry (much less contaminated by foreground and background stars com-
pared to conventional aperture photometry) is well-calibrated and ready for star cluster parameter determination.

Key words. galaxies: individual: M 31 — galaxies: star clusters: general

1. Introduction

Recently the Panchromatic Hubble Andromeda Treasury
(PHAT; Dalcanton et al. 2012) survey used the Hubble Space
Telescope (HST) to observe a third of Andromeda’s (M 31) star-
forming disk and published a large sample of star clusters (John-
son et al. 2012, 2015). These clusters are subject to a variety of
environments spanning from dense central parts of M 31 to more
sparsely populated outskirts and can thus provide important in-
formation about their evolution.

Star clusters can be characterised well by the main parame-
ters: age, mass, metallicity, and interstellar extinction, which can
be determined using various methods. In recent studies of M 31
star clusters using PHAT data (Johnson et al. 2016, 2017) pa-
rameters of young clusters were derived using colour-magnitude
diagrams (CMDs) constructed from individual stars, measured
in clusters’ regions. However, the CMD fitting method, in order
to obtain reasonably accurate results, is limited by a necessity
to resolve and measure stars down to the main sequence turnoft
point.

Another method to derive cluster parameters is to fit theoret-
ical star cluster models to the observed integrated cluster mag-
nitudes (Fouesneau & Langon 2010; Fouesneau et al. 2014; de
Meulenaer et al. 2013, 2014, 2015). This method enables us to
investigate unresolved and semi-resolved clusters of various ages
and masses. However, the accuracy of parameters derived using
this method is strongly dependent on uncertainties of aperture

photometry and the proper account of projecting background and
foreground (hereinafter field) stars.

For these reasons, we continue the study by de Meulenaer
etal. (2017) and present a new star cluster photometry catalogue
of the same cluster sample. We performed most of the photom-
etry procedures interactively, including the determination of the
sky background, which is the main source of uncertainties in
cluster aperture photometry (Krienke & Hodge 2007; Johnson
et al. 2015). This approach enabled us to resolve inconsisten-
cies arising in automated sky background determination meth-
ods when dealing with large variations of sky background lev-
els, as it is in the case of the M 31 galaxy. Also, we carefully se-
lected aperture sizes, and in most cases, we succeeded to avoid
the bright field stars falling into the apertures used for measure-
ment. This procedure ensures the consistency of colour indices
for the majority of star clusters.

The structure of the paper is the following: in Section2 we
present the description of observation data and the selected clus-
ter sample; in Section 3 we discuss details of the applied photom-
etry procedure; in Section4 we compare the multicolour pho-
tometry results with earlier published data and models; in Sec-
tion 5 we present brief conclusions.

Article number, page 1 of 10page.10
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2. Observations and cluster sample
2.1. Observation data

Our research is based on the HST PHAT survey data obtained
from the Hubble Legacy Archive (HLA)'. We used the so-called
“Level 2” products that have been processed by the automated
HLA pipeline. This means that bias and dark frames are al-
ready subtracted, flat fielding is applied, and all available ex-
posures are combined. The data set consists of six passbands
from three different HST channels: F275W and F336W pass-
bands from WFC3/UVIS, F475W and F814W passbands from
ACS/WFC, and F110W and F160W passbands from WFC3/IR.
Various passbands have a different number of exposures com-
bined to produce the resulting frames: F475W frames are com-
bined from 5 exposures, F814W and F160W — 4 exposures,
F275W and F336W —2 exposures, and F110W frames are made
from only a single exposure.

We performed spatial alignment of all frames with the
tweakreg task, which is a part of the drizzlepac package®.
Initially, astrometrically-correct F475W passband frames from
the Mikulski Archives for Space Telescopes PHAT archive® were
used as a reference for F475W frames obtained from HLA. Sub-
sequently, remaining passbands were aligned with their clos-
est aligned counterpart in wavelength, i.e., F336W and F814W
frames were aligned to F475W frames, then F275W frames
were aligned to F336W frames, and finally, F110W and the
F160W frames were all aligned to F814W frames.

The F275W and F336W passband frames contain a large
number of cosmic-ray artefacts because they have only two re-
peated exposures available, which makes it difficult to reliably
clean them in an automated manner. To remove the artefacts in
the ultraviolet (UV) frames, we used colour images constructed
from F275W + F336W + F475W passbands to identify and man-
ually clean them using the imedit task from PyRAF*. This al-
lowed us to remove the most obvious defects that fall inside or
close to the cluster’s aperture defined in Johnson et al. (2015).
However, there are some cases where clusters fall inside the gap
area between two WFC3/UVIS sensors. Therefore, they have
significantly increased artefact and noise counts due to only a
single exposure available at that location. UV measurements
were discarded where artefacts overlap with clusters, thus mak-
ing them uncleanable. Even though the obvious artefacts were
removed, there is a possibility that some were not noticed during
the visual inspection and are still blended in with stars.

Additionally, some frames contained empty or rejected pix-
els with values equal to zero. This was an especially considerable
problem for the F110W passband, which has only one exposure
available in each field. We replaced empty pixels with an aver-
age of 8 surrounding non-zero valued pixels (a required mini-
mum for averaging was set to 4 non-empty pixels). However, if
any uncorrected empty pixel remained inside the aperture, we
omitted measurements in this passband.

As noted by Williams et al. (2014), the F110W passband
in the field 8 of the brick 22 has elevated sky background lev-
els, likely due to the 10830 A He I airglow emission line. Two
clusters from our sample are located in the aforementioned field

! http://hla.stsci.edu

2 https://drizzlepac.readthedocs.io

3 https://archive.stsci.edu/prepds/phat/datalist.html
4 http://www.stsci.edu/institute/software_hardware/
pyraf - PyRAF is a product of the Space Telescope Science Institute,
which is operated by AURA for NASA
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Fig. 1. Locations of the 1181 clusters analysed in this paper overlaid on
a Spitzer/MIPS 70 yum M 31 map.

(ID0461 and ID0800) and have higher-than-usual sky back-
ground noise levels; however, we provide their measurements.

2.2. Cluster sample

The full extent of the PHAT survey covers an area from the cen-
tre to the outermost north-eastern side of M 31°s disk. The whole
survey area is divided into 23 regions called “bricks”, with in-
creasing numbering the further away they are from the galaxy’s
centre. For the present study, we selected a sample of 1363 clus-
ters analysed in de Meulenaer et al. (2017). Selection criteria and
details are provided in the cited paper. Based on an interactive
analysis, we determined that clusters closest to the M 31 centre
are too contaminated by projecting stars. Therefore, we omitted
the bricks numbered 1, 3, 5, and 7. This left us with 1184 clus-
ters.

We found that clusters ID0147 and ID3779 are missing in
both WFC3 channels, while cluster ID4132 has a lot of corrupted
or missing pixels in the F475W passband. Therefore, these three
clusters were removed from further analysis. Locations of the
remaining 1181 star clusters are shown in Fig. 1; they cover a
wide range of galactic environments — from dense central regions
to the relatively empty outermost areas.

We performed an interactive cluster profile analysis by using
DS9 software (Joye & Mandel 2003) to inspect and, if needed,
to adjust centres of some clusters based on F336W, FAT5W,
and F814W passband frames (luminosity-based cluster centres
slightly differ in various passbands). Finally, the coordinates of
the majority of clusters are kept original, as provided by John-
son et al. (2015), or only slightly adjusted (median difference of
0.1”). However, in some cases of large stellar associations we
significantly readjusted centres and aperture sizes to cover only
the most concentrated parts that could likely be considered as
young bound clusters.
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Table 1. Photometric Zero Points

F275W  F336W  F475W  F814W  F110W  F160W

22.67 23.52 26.15 25.52 26.06 24.70

3. Aperture photometry

‘We performed photometry by using circular apertures from the
photutils’® package. The exact measurement method, which
determines the exact fraction of pixels located inside the aper-
ture, was selected. We measured the growth-curves for each clus-
ter in all 6 passbands in steps of 0.01” up to two times the aper-
ture radius of a cluster set by Johnson et al. (2015). However, in
cases of smaller apertures, a minimum radius of 5" was set in or-
der to get sufficient sky background coverage. The area beyond
the cluster’s aperture was used for the interactive sky background
level determination (see description below), while a small incre-
mental step for growth-curves was chosen to have cluster mea-
surements with any aperture size available during the analysis.

Photometric Zero Points for the ACS camera are taken from
the ACS zero point calculator®, while Zero Points for both
WFC3 channels are taken from the STScl website”. They are
listed in Table 1. We assume a distance modulus of the M 31
galaxy of m — M = 24.47 (McConnachie et al. 2005).

Figs.2&3 give an example of a set of images used for
the cluster ID0094 analysis. Fig.2 includes three coloured
images constructed from the following passband combi-
nations: F275W+F336W+F475W, F336W+F4AT5W+F814W,
and FA75W+F110W+F160W. Individual frames of all pass-
bands are shown in grayscale at the bottom row. A blue circle
indicates a large aperture used to measure “total” (T) magni-
tudes of the cluster. A red circle indicates a smaller aperture
(covering the cluster’s central part, which is least contaminated
by resolved bright field stars) used to measure “colour” (C) mag-
nitudes, which are appropriate to produce consistent colour in-
dices (unbiased by projecting field stars). Fig. 3 shows the mea-
sured growth-curves (top) and their differential profiles (bottom)
in each passband for the star cluster ID0094. A blue vertical
line indicates the T aperture size, while a red vertical line — the
C aperture size. Horizontal blue and red lines represent T and
C cluster’s magnitudes, respectively. Differential radial profiles
show sky-background-subtracted flux (in arbitrary units) of the
cluster, contained in the rings of 0.05” width. Negative values
correspond to the areas that, on average, have smaller fluxes than
the subtracted sky background level. Various peaks represent re-
solved luminous stars and demonstrate a complicate nature of
surrounding sky backgrounds.

Appearances of clusters and surrounding sky backgrounds
vary significantly among objects, which makes it difficult to dis-
tinguish whether any particular star belongs to the cluster or if it
is a field object. However, in most cases, 10”x10" size images
were satisfactorily large to estimate probabilities of field stars
falling into T and C apertures. The multicolour images of clus-
ters (Fig. 2) together with their growth-curves (Fig. 3) were used
to determine optimal sizes of both (T and C) apertures.

5 https://doi.org/10.5281/zenodo. 596036

¢ https://www.stsci.edu/hst/instrumentation/acs/
data-analysis/zeropoints

7 https://www.stsci.edu/hst/instrumentation/wfc3/
data-analysis/photometric-calibration

3.1. Sky background

The accuracy of sky background determination in the cluster
aperture photometry is the main issue and various automated
methods have been proposed (Barmby & Huchra 2001; Krienke
& Hodge 2007; Johnson et al. 2012). Especially complicated sit-
uations are encountered in the crowded fields of M 31.

In the semi-resolved clusters and sky background areas usu-
ally resides a statistically small number of well-resolved bright
stars. Being irregularly distributed, they greatly complicate the
determination of sky background levels in different passbands.
‘We have noticed that sky background levels, determined using
statistical methods, are inconsistent among various passbands
for the majority of clusters from our sample. It is apparent that
fluxes in different passbands are dominated by stars that differ
significantly in colour (Fig. 2). Since the majority of bright field
stars are red giants located in M 31, they predominantly affect the
infrared (IR) passbands and complicate cluster parameter deriva-
tion by imitating effects of extinction and/or older ages (de Meu-
lenaer et al. 2017). A number of IR bright field stars strongly
varies with the distance from the M 31 centre. They especially
dominate in F110W and F160W passbands.

For this reason, we decided to inspect growth-curves in all
passbands (Fig. 3) of each cluster and derive consistent sky back-
ground levels interactively. To accomplish this goal, we devel-
oped a custom user interface, which enabled us to adjust sky
background levels interactively and to observe visually changes
of growth-curves. The main objective was to correctly subtract
the unresolved sky background component and to determine the
impact of resolved stars. For this purpose, we employed differ-
ential profiles of the growth-curves (the lower graphs in each
panel of Fig. 3) that clearly show fluctuations arising due to field
stars. If neglected, such contaminants could strongly affect the
cluster’s photometry results. Special care was taken to correctly
account for the presence of bright field stars (mainly in the IR
passbands) and abundant frame defects as well as cosmic-ray
artefacts (in the UV passbands).

We calculated mean and median sky background values in
the ring shape areas extending from 1.2Rt to 3.4Rt (Rt —ara-
dius of the cluster’s T aperture) following Johnson et al. (2015).
In most cases, the interactively determined sky background val-
ues are somewhat lower than the calculated means but higher
than median values. This is understandable since mean values
are strongly influenced by the brightest stars located in the sky
background area, while median values are derived mostly ignor-
ing resolved stars that actually are a part of the sky background
as well.

The method of visual analysis of the cluster images to-
gether with their growth-curves and radial profiles of differen-
tial fluxes enabled us to determine sky background levels con-
sistently across all 6 passbands. However, there are two disad-
vantages of this sky background determination method: in cases
of very complicated sky backgrounds, systematic errors, that are
hard to quantify, could be introduced; it is a time-consuming pro-
cess.

3.2. Apertures

Aside from the accurate sky background determination prob-
lems, the strong direct contributors to the uncertainties in pho-
tometry are field stars projecting onto T apertures used to mea-
sure “total” cluster fluxes. To minimize the impact of resolved
field stars projecting onto the clusters, we used two co-centred
apertures: a large one to measure T magnitudes in the F475W

Article number, page 3 of 10page.10
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| F160W

Fig. 2. The cluster ID0094 shown in colour panels (top), produced by combining 3 passbands, and grayscale panels (bottom), produced from
individual passband frames (the passbands are labelled inside the panels). Blue and red circles represent applied T and C apertures, respectively.
The size of each panel is 10”x10”, north — up, east — left. An insert at the top right corner indicates the location of the cluster in M 31.

passband; a smaller one (selected to avoid the majority of bright
field stars) to measure C magnitudes in all passbands. Such a
procedure gives more consistent colour indices (least contami-
nated by bright field stars), which are of the highest importance
for cluster parameter determination (de Meulenaer et al. 2017).

The T magnitude of clusters in the majority of cases was
measured by applying apertures equal to those used by Johnson
et al. (2015) or slightly smaller to avoid bright field stars in the
FA75W passband. There are also a few cases where we reduced
apertures that would otherwise fall outside of the frame area in
at least one of the passbands. In a few instances, some parts of
clusters had fallen outside of frames in one or two passbands;
therefore, we discarded measurements in those passbands.

We have chosen the F475W passband as a base to derive
colour-consistent magnitudes, because, compared to the F814W
passband, observations in it have higher signal-to-noise ratio and
are less contaminated by the light of resolved field stars from old
M 31 populations. The C apertures include only the central parts
of clusters. Radii of C apertures typically (with some exceptions)
range from 0.4 to 1.4”, depending on the cluster’s size and loca-
tion of resolved probable field stars. However, for some clusters
it was required to apply C aperture radii as small as 0.3” (6 pixels
in ACS/WFC) to avoid possible contaminants.

Magnitudes measured in C apertures (mc) were used to com-
pute final (colour-consistent) cluster magnitudes (mp.w) in all
passbands based on the two aperture (T and C) measurements
performed in the F475W passband. The equation used to derive
the final magnitudes:
mpew = me,paw + (MT,p475W = MCF475W), (€]
where mp.w is the final magnitude, mc p.w — the magnitude mea-
sured trough the C aperture, and F+W indicates the individual
passbands; mr ra7sw and mc pa7sw are T and C magnitudes in
the F475W passband, respectively. Note, however, that in order
to apply this transformation, we have to assume the absence of a
radial cluster colour gradient beyond the C aperture.

Article number, page 4 of 10page.10

Let us explain in more detail the aperture issues based on the
case of the cluster ID0094. The T (a blue circle) and C (a red
circle) apertures are shown in Fig.2. This particular choice of
the apertures is determined by the following conditions: an IR
bright star located to the west from the cluster; a bright star in all
passbands located to the south-east from the cluster; an IR bright
star located to the south from the cluster; a zone to the south
from the cluster where observations in the F110W and F160W
passbands are missing. The directly measured T magnitudes of
the cluster ID0094 in all passbands are indicated in Fig. 3 by the
horizontal blue lines, while the red lines mark the C magnitudes.
Blue and red vertical lines indicate the sizes of applied T and C
apertures, respectively.

3.3. Photometric accuracy

Determining correct statistical photometric errors, when per-
forming aperture photometry on mosaicked frames and having
fluxes reduced to a 1-second exposure, is virtually impossible.
Therefore, in order to roughly estimate photometric errors in this
work, we took into account two main sources contributing to the
uncertainties of cluster magnitudes.

Since the mean sky background level has been subtracted in
the HLA frames, it is impossible to determine a realistic signal-
to-noise ratio directly. Therefore, we estimated an amplitude of
sky background variation by fitting the Gaussian profile to the
histogram of pixel values. In general, the sky background pixel
value histogram is rather asymmetric due to pixels from bright
resolved stars, which do not represent the sky background but
strongly skew the histogram nevertheless. Therefore, to improve
the accuracy of Gaussian profile fitting, we discarded 30% of the
highest value pixels and derived sky background flux variation
per pixel as a Gaussian o . The ring shape area chosen for the
sky background analysis was similar to Johnson et al. (2015) and
extends from 1.2Rt to 3.4Rt.
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Fig. 3. Growth-curves (top, in magnitudes) and differential profiles (bottom, in arbitrary units) for the cluster ID0094. Solid vertical blue and red
lines show applied T and C aperture radii, respectively. Blue and red horizontal lines show derived corresponding cluster magnitudes.

Table 2. M 31 star cluster aperture photometry results

ID  R.A.(2000) DEC(2000) Rr® Rc” Ry  F275W  F336W  F475W  F814W  FI110W  F160W
0001 11.435516 41.698562 2.0 0.6 056 20.198 19.330 18811 17.599 17.081 16.497
0.024 0.010 0.006 0.008 0.008  0.0087

0002 11.366514 41701013 1.4 0.7 059 21.276  20.561  20.019 19.075 18.794  18.450
0.057 0.015 0.008 0.012 0.014 0.018

Notes. The table shows an excerpt from data presented in the catalogue.

(@ the T aperture radius in arcseconds;

) the C aperture radius in arcseconds;

(© the half-light radius in the F475W passband in arcseconds;

@ the uncertainties of magnitudes (o) in corresponding passbands.

Finally, the first part of magnitude uncertainty in each pass-
band, arising due to sky background variations, was calculated

sl 255

where F; — the integrated cluster flux inside the T or C aperture;
Agp — the area of aperture in pixels.

The second part of magnitude uncertainty in each passband
could arise because of possible maximum flux position bias (due
to irregular distribution of bright well-resolved blue and red
stars) and differing sizes of stellar images among passbands. We
estimated these effects by performing photometry at 8 additional
positions shifted symmetrically around the cluster’s centre by
0.05” (1 pixel in ACS/WFC) in the cases of C magnitude and
by 0.1” (2 pixels in ACS/WFC) in the cases of T magnitude. Fi-

O \Aap
I+ —

o 2

o =25 logm[

nally, the resulting standard deviation (o) was derived out of
those 9 independent cluster measurements in each passband.

The final uncertainty (o) of cluster photometry in each pass-

band was calculated as: o = /o + o’2. Fig. 4 shows estimated

uncertainties versus corresponding magnitudes for all clusters.
Uncertainties in the UV passbands are mainly dominated by sky
background variations (o) and correlate well with magnitude.
On the other hand, uncertainties in the IR passbands are much
more scattered due to the presence of irregularly distributed in-
dividual bright stars; therefore, they are more sensitive to the
cluster position bias among passbands (07).

It is difficult to quantify uncertainties caused by the inter-
active sky-background-level-determination procedure. However,
they are of systematic nature and correlate well in neighbouring
passbands; therefore, they only marginally affect cluster colour
indices. Based on the individual sky background level determi-
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Fig. 4. Magnitude uncertainties (o) in all six passbands versus corresponding final cluster magnitudes.

nation by the team members, we conclude that these systematic
errors can reach up to 0.05 mag for the faint clusters.

The photometry results with magnitude uncertainties () in
each passband and half-light radii derived from growth-curves in
the F475W passband (Ry,) are provided in Table 2° for all (1181)
studied clusters.

4. Multicolour photometry results

Fig. 5 shows large differences between star clusters’ T aperture
magnitudes measured directly (in a standard way) in all pass-
bands and ones derived according to formula 1. We would like
to draw readers’ attention to the fact that panel c) actually shows
not the differences of magnitudes derived by two different pho-
tometry methods, but the aperture corrections determined for the
F475W passband (a term in the brackets in formula 1). These
aperture corrections are used to transform C magnitudes to the
final ones in all passbands.

Differences of cluster colour indices, calculated from the T
and C magnitudes, also are very large (Fig.6). Note, however,
that in Figs. 5&6 we see only the effects of smaller aperture used
to derive final magnitudes in all passbands. In this case, other
photometry-affecting parameters (positions of cluster centres, T
aperture sizes, and sky background levels) are the same in both
methods.

Very large magnitude and colour index differences imply
the importance of the problem addressed in this paper. How-
ever, even larger differences in magnitudes and colour indices are
seen when we compare our results with Johnson et al. (2015). In
this case, a cumulative effect on photometry is due to the differ-
ences in the mentioned parameters: positions of cluster centres,
8 Entire Table 2 is available at the CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/
viz-bin/qcat?]/A+A/vol/page
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T aperture sizes, and sky background levels (Figs. 7&8). Also,
it is noteworthy to stress that absent significant systematic dif-
ferences for bright objects suggest that both data sets are well-
calibrated. We corrected Johnson et al. (2015) photometry data
by applying new Zero Points (Table 1) used for our photometry.

Red dots in Figs. 7&8 mark clusters that have only the upper
limits of magnitudes published by Johnson et al. (2015). The dis-
tribution of the red dots mimics a shape of magnitude and colour
index differences of clusters measured more precisely; therefore,
it suggests that those differences are dominated by field stars
falling within larger apertures. The F275W and F336W pass-
bands suffer from a low signal-to-noise ratio, which results in
greater differences for faint (>20 mag) clusters. The IR passband
differences mainly arise due to randomly distributed bright field
stars.

To test the quality of new photometry data, we em-
ployed stochastic star cluster models within the age range of
log,o(t/yr) = 6.6 — 10.1 and with masses of 10> Mo, 10° Mo,
and 10*M,. These models are based on PARSEC+COLIBRI
isochrones’ (Marigo et al. 2017) and were calculated using the
same method as described in de Meulenaer et al. (2017). They
are plotted extinction-free in the background of Figs. 9&10.

In Fig.9 we show colour-colour diagrams of Johnson et al.
(2015, panels a-c) and our (panels d-f) photometry compared to
the synthetic models (gray density contours in the background).
Masses of all model clusters are equal to 10> Mg, and their den-
sity distribution is emphasized by contour plots. Our measure-
ments follow the distribution of the models more closely in all
panels. However, the largest differences are seen in the IR pass-
bands where the field star contamination is heaviest. We per-
formed extensive tests of the sky background level determination
method used in Johnson et al. (2015) and found that it is possible
to easily overestimate the local sky background due to a couple

° http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 6. The same as in Fig. 5, but differences between colour indices are shown.

of bright stars located in the region. Likely due to this reason,
for some clusters, Johnson et al. (2015) reported only the upper
limits in the F110W and F160W passbands.

Young star clusters are especially sensitive to this procedure
because they are very faint in the IR passbands (Fig. 9c,f). Star
clusters distributed at the upper right corner in Fig. 9a mostly

have only the upper limits of the UV magnitudes reported by
Johnson et al. (2015). In our case, the accuracy of UV magni-
tudes is limited by the photon noise rather than the subtraction of
the overestimated sky background level. Outlying star clusters in
Fig. 9d-f) usually have very complicated surrounding sky back-
grounds, that are difficult to take into account correctly, or have
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bright contaminating field stars falling within the C aperture, or The distribution of star cluster models in CMDs strongly de-

are strongly affected by extinction. There is a clear systematic pends on their mass. This effect is shown in Fig. 10. A bimodal
shift due to the extinction between modelled and observed clus-  distribution of the modelled and observed clusters is clearly seen
ters (the extinction vectors are shown at the bottom-left corners  in Fig. 10a,b. The decrease in stochasticity with increasing clus-
of panels). ter mass is also apparent. It is worth noting that the majority
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Fig. 11. The F475W magnitude vs. half-light radius Ry, in the F475W
passband plotted for all clusters from our sample. A blue and red dashed
lines indicate limits of constant surface brightness (within the half-light
radius) of 22.5 mag/arcsec? and 21.5 mag/arcsec?, respectively.

of star clusters from our sample fit well with models of 10°> Mg
mass, except for the most massive (brightest) globular-like clus-
ters (located at F336W—F475W ~ 0.5 mag). Therefore, we con-
clude that the new photometry data are well-compatible with the
stochastic cluster models calculated according to de Meulenaer
etal. (2017).

Fig. 11 shows F475W magnitudes of star clusters versus
their half-light radii in the F475W passband. The majority of
clusters from our sample are faint (F475W > 20) and compact
(R, ~ 0.5”). The largest objects with R, > 1.4” are mostly
stellar associations. Taking into account a detection limit as a
constant surface brightness of 22.5 mag/arcsec? (a blue line in
Fig.11) and an approximate detection completeness of ~50%
limit of ~21.5 mag/arcsec” (ared line in Fig. 11), there is no clear
correlation between cluster luminosity and size.

5. Conclusions

We provide a multicolour aperture photometry catalogue of a
sample of 1181 star clusters from the M 31 PHAT survey (Dal-
canton et al. 2012; Johnson et al. 2012, 2015). The main results
of the present study are summarised in Figs. 5-8. We demonstrate
that the proposed scheme of photometry with small apertures
(see formula 1) gives more robust results in a sense of colour
index consistency compared to the traditional aperture photom-
etry performed trough large apertures covering entire clusters
(Fig. 9). We show that the new photometry results fit well within
a space of stochastic star cluster models (Fig. 10).

There are two main issues limiting the accuracy of aperture
cluster photometry: sky background determination and field stars
projecting within the aperture. We carefully took into account
both of these effects. However, for some ~10% of clusters in the
catalogue bright field stars projecting into the C aperture, used
for multicolour photometry, still remain. The most promising
further improvement of the accuracy of the photometry would

Article number, page 10 of 10page.10

be the subtraction of individual resolved field stars. However,
to solve this problem, it is necessary to perform stellar photom-
etry in extremely crowded fields (on cluster bodies) with high
accuracy, which is practically difficult to achieve by carrying out
measurements on the mosaicked frames.
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ABSTRACT

Recent analytical and numerical models show that AGN outflows and jets create interstellar
medium (ISM) pressure in the host galaxy that is several orders of magnitude larger than
in quiescent systems. This pressure increase can confine and compress molecular gas, thus
accelerating star formation. In this paper, we model the effects of increased ambient ISM
pressure on spherically symmetric turbulent molecular clouds. We find that large external
pressure confines the cloud and drives a shockwave into it, which, together with instabilities
behind the shock front, significantly accelerates the fragmentation rate. The compressed clouds
therefore convert a larger fraction of their mass into stars over the cloud lifetime, and produce
clusters that are initially more compact. Neither cloud rotation nor shear against the ISM affect
this result significantly, unless the shear velocity is higher than the sound speed in the confining
ISM. We conclude that external pressure is an important element in the star formation process,

provided that it dominates over the internal pressure of the cloud.

Key words: stars: formation—ISM: clouds — galaxies: clusters: general.

1 INTRODUCTION

Under normal circumstances, star formation is a slow process: on
all spatial scales larger than single pre-stellar cores, almost indepen-
dently of environment, only 1-3 pers cent of the molecular gas avail-
able for star formation is converted into stars every dynamical time
(Krumholz & Tan 2007; McKee & Ostriker 2007; Krumholz, Dekel
& McKee 2012a). Molecular clouds have lifetimes that depend
on their sizes, with the smallest clouds (R, ~ 1-3 pc) dispersing
after only 1-3 Myr due to stellar feedback (Hartmann, Ballesteros-
Paredes & Bergin 2001; Allen et al. 2007), while the largest clouds
survive up to ~30 Myr (Williams & McKee 1997; Kawamura et al.
2009; Dobbs & Pringle 2013). Despite these differences in abso-
lute values, the cloud lifetimes are typically equal to a few crossing
times, defined as the cloud size divided by the velocity dispersion
in the cloud (Dobbs & Pringle 2013), and similar to the dynamical
times for turbulence-supported clouds. As a result, most clouds only
convert <10 pers cent of their gas mass into stars before dispersing
(Williams & McKee 1997; Hartmann et al. 2001; Kawamura et al.
2009; Dobbs & Pringle 2013).

Star formation must be more efficient than this in order to produce
clusters that remain bound after the parent cloud is dispersed; some
simulations show that ~10-30 pers cent of the cloud mass must
be converted into stars (e.g. Geyer & Burkert 2001; Baumgardt &
Kroupa 2007). On the other hand, the hierarchical structure of the
interstellar medium (ISM) implies that stars forming in the densest
parts of the molecular clouds are more bound than the cloud as a

*E-mail: Kastytis.zubovas @ftme.1t

© The Authors 2014.

whole, and so can form bound star clusters even though the global
star formation efficiency (SFE) stays low (Kruijssen 2012, 2013).
On a global scale, it has been suggested that gravitational binding of
massive clouds (M > 7 x 10° M) might be enough to withstand
stellar feedback until enough gas is converted into stars (Kroupa &
Boily 2002; Bressert et al. 2012), leading to formation of globular
clusters, while less massive clouds probably have to be compacted
in some way in order to form stars more rapidly (Escala & Larson
2008; Larsen 2010). However, these suggestions are unlikely to
be correct, since they predict a cutoff of cluster populations at
low masses, which is not observed (Bastian et al. 2012a,b; Fall &
Chandar 2012). Overall, a picture emerges wherein regions of high
density are important for the formation of bound star clusters, but
those regions do not necessarily encompass whole clouds.

Several authors have suggested that the star formation rate is ulti-
mately governed by self-regulation, for example a balance between
pressure created by stellar feedback and self-gravity of the gas (e.g.
Thompson, Quataert & Murray 2005). If that is the case, then an
increase in the pressure of the ISM surrounding the cloud should
result in an increase of the star formation rate, as suggested recently
by e.g. Zubovas et al. (2013). Numerous recent models of the effect
of AGN jets (Silk 2005; Gaibler et al. 2012) and outflows (Ciotti
& Ostriker 2007; Ishibashi & Fabian 2012; Nayakshin & Zubovas
2012; Zubovas et al. 2013) upon the host galaxy ISM suggest that
these processes can compress molecular gas to pressures several
orders of magnitude higher than typically found in the hot-phase
ISM of quiescent galaxies. If this pressure translates into a linear
increase in star formation rate, gas-rich AGN hosts may experience
starbursts with star formation rates of several hundred M) yr~!
(e.g. Drouart et al. 2014).
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Although the connection between higher ambient pressure and
an increased star formation rate seems robust, it rests on several
assumptions. First of all, it assumes that external pressure creates
more favourable conditions for star formation, i.e. that star forma-
tion can be triggered by a pressure increase. The second assumption
is that there is enough material that can readily react to an increase
in pressure by forming stars, so that external pressure accelerates
ongoing star formation. Finally, the connection requires a steady
state to be established: star formation must not increase to such
rates that molecular gas is exhausted before feedback can establish
self-regulation. These assumptions cannot be tested in large-scale
models, because they require analysis of gas dynamics and fragmen-
tation on scales of molecular clouds, below the typical resolution of
galaxy-wide numerical simulations.

In this paper, we present results of numerical SPH simulations
of spherically symmetric turbulent clouds embedded in a hot ISM.
We track the collapse and fragmentation of the clouds, showing
that under pressure, fragmentation is caused by a combined action
of a shockwave driven into the cloud and instabilities behind it,
leading to much higher fragmentation rates than in uncompressed
cloud. The net effect of external compression is that confined clouds
collapse and fragment on a time-scale shorter than the analytically
derived cloud-crushing time-scale for ~ fan(1 + Pisw/Pera) /%,
where Py, is the dynamical pressure of the cloud material neces-
sary to overcome gravitational collapse, while Pisy is the external
pressure. Strongly compressed clouds fragment and turn a signifi-
cant fraction of their mass into sink particles in 7 < 1 Myr, before the
cloud can begin to disperse due to stellar feedback. Furthermore,
external pressure may confine even gravitationally unbound clouds,
suggesting that compressed clouds may survive for longer even in
the presence of stellar feedback or following the passage of an AGN
shockwave. The resulting cluster of sink particles forming in our
compressed cloud simulations is more massive and compact than
the cluster born in uncompressed models. We conclude that exter-
nal pressure enhances star formation in the cold ISM and produces
clusters that are likely to survive for longer periods of time.

The paper is organized as follows. We begin by describing in more
detail the physical basis of the connection between AGN activity and
enhanced star formation (Section 2). Next, in Section 3, we present
analytical estimates of the effect of external pressure on the cloud.
In Section 4, we describe the setup of numerical simulations, while
their results are shown in Section 5. Discussion of our findings and
their implications is presented in Section 6. Finally, we summarize
and conclude in Section 7.

2 POSITIVE AGN FEEDBACK ON STAR
FORMATION

The general picture of AGN effect upon the host galaxy is that of
negative feedback. AGN jets or wide-angle outflows heat the gas
and push it out of the host galaxy, quenching the star formation
process (McNamara & Nulsen 2007; Feruglio et al. 2010; Fabian
2012). There is growing evidence, however, that the real picture is
more complex, and that star formation can be enhanced by AGN
activity as well.

One process through which AGN activity can enhance star forma-
tion is the increase in hot-phase ISM pressure. Simple photoioniza-
tion and Compton heating by the AGN radiation field can increase
the temperature of the diffuse gas to 107 K or more. Using a typical

ISM density of sy = 1ng cm ™3, we find that the distance to which

MNRAS 442, 2837-2854 (2014)

the gas is heated efficiently is (Sazonov, Ostriker & Sunyaev 2004)

12
Ricar = (7200LA(”\) ~ 140L g P12 pe, (1)
mismTism

where Ly = Lagn/10% erg s™! is the AGN luminosity and 7; =
T/107 K the ISM temperature. The only clouds affected by direct
AGN heating are those close to the centre of the galaxy. Further-
more, these clouds are themselves exposed to the dissociating and
ionizing AGN radiation. They can be heated, maintaining pressure
equilibrium with the surroundings and losing molecular gas, lead-
ing to a lower star formation rate. Observations do not show either
enhancement or suppression of star formation in clouds located in
the centres of AGN hosts (Davies et al. 2005), so we believe that
any effect due to direct heating is small.

A more promising approach for increasing the ISM pressure is
shock heating. Shocks can be caused by a variety of processes, such
as tidal interactions with companion galaxies (Ricker 1998) and
ram-pressure stripping in galaxy clusters (Bekki et al. 2002; Bekki
& Couch 2003). AGN can also create shocks in the ISM by heating
it rapidly via jets (Gaibler et al. 2012) and/or outflows (Zubovas &
King 2012). The physical model we use in this paper is based on
predictions of these positive AGN feedback models, and considers
three situations how AGN jets and/or outflows can interact with
cold dense gas.

A high-pressure outflow (created by either wind or jet) can over-
take dense clumps of gas and compress them. The outflow expands
with a velocity of the order of 10° km s~! (Zubovas & King 2012),
corresponding to a shock temperature of the order of 10’-10° K.
This causes the pressure inside an energy-driven AGN outflow to
be 2-3 orders of magnitude higher than typical hot ISM pressure
(Nayakshin & Zubovas 2012; Zubovas et al. 2013). Observed jet-
inflated cocoons in radio galaxies have similarly high pressures
(Begelman & Cioffi 1989; Gaibler et al. 2012). The interaction be-
tween a dense cloud and the outflow is very similar to the interaction
of a cloud with a passing shockwave (e.g. Klein, McKee & Colella
1994), except that the material behind the shockwave compresses
the cloud further.

An expanding outflow is generally thermally unstable, and can
cool and form clouds (Nayakshin & Zubovas 2012; Zubovas &
King 2014). These clouds form in pressure equilibrium with the
surrounding flow and hence are not necessarily bound by their own
gravity. A similar scenario was considered by ElImegreen & Efremov
(1997), who found an increase in the SFE of clouds forming in high-
pressure environments.

Finally, the outflow expanding in the diffuse gas of the galactic
bulge and halo compresses the galactic disc. This creates a sec-
ondary shockwave passing into the disc and compressing the clouds
there (Zubovas et al. 2013). The shockwave can develop a complex
morphology due to the uneven density distribution of the disc ISM
and therefore the clouds experience a wide range of shockwave
velocities passing through them.

In the next section, we make analytic estimates of the effect of
external pressure in these three situations, starting with the simplest,
if somewhat unrealistic, scenario of negligible lateral velocity of the
shockwave.

3 PRESSURE-ENHANCED CLOUD COLLAPSE

3.1 Cloud confinement by external pressure

Here, we make rough estimates regarding the effect that external
pressure has on the internal dynamics of a giant molecular cloud
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(GMC) in the various configurations discussed above. We scale all
results to a cloud of mass M = 10° Mg; this is a typical, if somewhat
massive, example of a molecular cloud in the Milky Way (Roman-
Duval et al. 2010). Using the Larson (1981) and the Solomon et al.
(1987) relations, we find the linear size of the cloud to be L ~ 17 pc,
so we choose the cloud radius as R = 10 pc ~L/2. This translates
into a surface density X ~ 318 M pc 2. The velocity dispersion
of a cloud of this size should be 3.2 km s™! <o, < 42 km s™';
we choose oy, = 3.6 km 57! to have the cloud supported against
self-gravity (see below). For simplicity, we consider the cloud to be
spherical with uniform density.
The gravitational binding energy of the cloud is

_3GM
TS5 R
where Ms = M/10° Mg and Ryo = R/(10pc). The virial temper-
ature of the cloud is T >~ 3800M5Rﬂ)' K, much higher than the
typical gas temperature 7 ~ 10 K. Support against rapid gravi-
tational collapse comes from supersonic turbulence, with typical
turbulent velocity dispersion

3GM i
O = |/ ok = oM

—— 2.5 x 10" M5R, erg g7, )

€b

Ry kms™'. 3)
The effective dynamical pressure of the cloud is
Pyray 2 - ~
kb ~ % =T ~ 1.4 x 10°M2R;; K em™>., )

Here, p = 1.6 x 1072'MsR,§ g cm™ and n ~ 380MsR;; cm™>
are the mass density and particle density in the cloud, respectively.

From equation (4), we see that as long as the pressure in the ISM
surrounding the cloud is Piswi/ky < 1.4 x 10° K cm™2, the cloud
evolution is unaffected by external pressure. This is the case in most
‘normal’ environments, where Pisyi/ky < 10° K em ™ (Wolfire et al.
2003). If the external pressure increases above this value, the cloud
is compressed. The exact situation depends on the dynamics of the
surrounding ISM.

3.1.1 Negligible lateral velocity

In the simplest case, the external pressure around the molecular
cloud increases isotropically and homogeneously. This is an un-
likely scenario, since typically high pressure is caused by a shock-
wave enveloping the cloud. There are, however, a few situations
where the velocity of the cloud with respect to its surroundings
is low. First of all, the vertical gas velocity dispersion in gas-rich
starburst galaxy discs can be as large as ~50-100 km s~' (Quinn,
Hernquist & Fullagar 1993; Scoville, Yun & Bryant 1997; Bryant &
Scoville 1999), so it is conceivable for a given molecular cloud to be
moving with a velocity >100 km s~! vertically w.r.t. the rest frame
of the galactic disc. A low-density (1o, ~ 0.1—1 cm™) outflow in
the galactic halo moving with velocity v, = 1000 km s~ produces
a shockwave in the galactic disc (which has a density nigy ~ 10—
100 cm3; cf. Thompson et al. 2005; Abramova & Zasov 2008)
with a velocity of the order of v ~ vy (ou/mism)/? ~ 100 km s~ 1.
It is therefore possible that in the reference frame moving with the
cloud, the shockwave is much slower than the sound speed of the
shocked gas behind it. The direct interaction between the molecular
cloud and the passing shockwave is mitigated by the atomic hydro-
gen envelope around the cloud (see also Section 6.6.2). In another
case, a cloud that forms due to cooling of gas inside the fast hot
outflow also experiences high external pressure without significant
lateral motion.
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The effect of this high isotropic pressure is to compress the cloud.
In order to withstand this pressure, the cloud should have a higher
turbulent velocity dispersion. We can update equation (3) to include
external confinement:

, 3 GM | Pisu
T F\ 70k T
:

alternatively, one can express the updated velocity dispersion in
terms of the pressure ratio:

5

mismTism

~10.3M; R}
”Tw 5 10

Ot = Oumy | 1 + P2 kms™. (6)
In this equation, mgy and Tisy refer to the density and
temperature of the confining hot-phase ISM, respectively, and
P7 = Psv/(107k, Kem™3). We further assume that the ISM pres-
sure is purely thermal. A corresponding time-scale for the evolution

of the compressed cloud, which we term the effective dynamical

time-scale, is
~-1/2
i (T

f(;z Myr o o, is the dynamical time-scale

/ Oturb
Ty ™ Tayn—
turb
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()

where 14y = 1.7M5 'R
of the cloud.

A shockwave is driven into the cloud approximately isotropically.
It has a predominantly radial velocity (cf. e.g. Spitzer 1978; Jog &

Solomon 1992)
Pism > 1
—_— CsIsm ™~

12
e (5)
Pel

where the last equality is valid if Pisy > Pgry. The time-scale for
the shockwave to reach the centre of the cloud, known as the cloud-
crushing time-scale (Klein et al. 1994), is the same as #;,,, provided
that Pisy > Pgray. In the opposite case, the cloud-crushing time-
scale becomes longer than dynamical and crushing is essentially
negligible, as expected.
The passage of the shockwave heats the gas to temperatures
3
16

Pism
Pel

Oturbs

®)

Pism
—Tism-
Pcl

3pam,
16k "

For an ISM pressure Psy/kg = 107 K cm~3, this translates into a
post-shock temperature Ty, ~ 2 x 10° K. Using the post-shock gas
density ng, = 4ng (strong shock approximation; we further assume
that gas remains mostly molecular in the shock, since the tempera-
ture increase is not enough to completely dissociate H, or CO) and
the cooling function approximation from McKee & Cowie (1977,
table 1), we find the gas cooling time fco01 ~ 400 yr < 1), There-
fore, the post-shock gas can be assumed to cool instantaneously and
attain a density (cf. Jog & Solomon 1992)

16 T,
— N
e

T ®

Pism
Poray

~ ng = 2.7 x 10°P;M; " Ryg cm ™.

Nfinal =

(10)

This final density increase by ~7 times over the mean cloud density
lowers the Jeans length and mass of the post-shock gas by a factor
of ~2.6, assuming that the temperature stays the same. This means
that smaller density perturbations become unstable and collapse to
form stars, leading to rapid star formation in the shell driven into
the cloud.

If the cloud forms under conditions of high external pressure,
its turbulent velocity should have a value as given by equation (6).
Such a cloud would not be bound by its own gravity, but as long
as the external pressure persists, it is able to fragment and form
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stars. The time-scale of the cloud evolution is R/, = fy,. Only
a weak shockwave is driven into the cloud, so star formation starts
in the central parts of the cloud, where the local dynamical time is
shortest.

3.1.2 Large lateral velocity

If the cloud is compressed by a passage of a shockwave such
that the shear velocity vy, of the post-shock ISM gas with respect
to the cloud is significant compared with the sound speed in this
gas, the shear affects the cloud evolution. Direct interaction between
a strong shock and the GMC is unlikely to occur: GMCs are typi-
cally surrounded by warm atomic hydrogen envelopes, which slow
down and weaken the shockwave. The shockwave driven into the
cloud is no longer approximately spherical. In the leading edge of
the cloud, the shockwave velocity is approximately

12

Pism 12

Vsh,lat ™~ (7) ("%_151»1 + Ulzu\) . an
Pel

In other directions, the velocity is lower than this, but never lower

than vy, (equation 8). The cloud is destroyed by the shockwave on

a time-scale

R —12
fgesr ~ A— (M> . (12)
Vlat Pel

where A is a factor of the order of a few (Klein et al. 1994; Agertz
etal. 2007 find A >~ 1.6). The sound speed of the hot ISM does not en-
ter into the expression for the cloud destruction time-scale because
cloud compression happens isotropically and does not disperse the
cloud. We can use this expression together with the effective dy-
namical time R/vg,, to estimate the mass of stars that form in a
cloud thus affected:

Tdestr Ush, lat

Mo ~ €M

(s + Vi) "

Vlat

~ A€M > A€M (13)
The net result is that even though the cloud is destroyed by the
shear, the mass of stars formed from the cloud is larger than in
a free-floating cloud. In a particular case of a strong shock and
stationary cloud, where c2 i /vR, = 5, this ratio is ~2.5A and the
fraction of mass converted into stars can exceed 10 pers cent before
the cloud disperses.

3.2 Cluster survival in high-pressure systems

The low integrated (that is, calculated over the lifetime of the cloud
rather than its dynamical time) efficiency of mass conversion into
stars in a GMC suggests that the clouds are rapidly destroyed
by stellar feedback. It is not well understood which of the many
feedback processes are most important. It has been recently pro-
posed that massive star clusters can form in molecular clouds that
have escape velocities higher than the sound speed in ionized gas
cyn ~ 10km s~! (Bressert et al. 2012). For unconfined clouds, this
condition translates to a critical mass M. ~ 7 x 10° Mg: clouds
above this mass retain even photoionized gas (Kroupa & Boily 2002;
Krumholz & Matzner 2009). If no other feedback processes were
relevant, this would lead to such massive clouds having SFEs of
several times 10 pers cent. On the other hand, these massive clouds
may be destroyed by radiation pressure (Krumholz & Matzner 2009;
Fall, Krumholz & Matzner 2010; Murray, Quataert & Thompson
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2010) and thus maintain a low integrated SFE. It is, however, not
clear how important radiation pressure feedback is (Krumholz &
Thompson 2012, 2013).

No matter which feedback process disrupts the cloud, it must
counteract the forces holding the cloud together. For a free-floating
cloud, the only such force is the self-gravity of the cloud. Within our
model, external pressure acts as an additional factor preventing gas
escape and cloud dispersal. In the case of photoionization, the cloud
is unable to expand and disperse provided that the total confining
pressure (produced by both cloud self-gravity and ambient ISM)
is higher than Pui = pachy, = 1.6 x 107°MsR;j’ erg em~>. For
our fiducial cloud parameters, this translates into a required ISM
pressure
Pism = Pt (Cliy — Ogy) = 1.4 x 107 ergem™, (14
or, equivalently

Psv_ 9.9 10 K em . as)
ky

The balance between photoionization heating and stellar winds on
one side and external pressure on the other allows the cloud to
survive the photoionizing radiation of young stars. Similar estimates
based on pressure balance can be made for other forms of feedback,
but these are beyond the scope of this paper. We merely wish to
point out that as a result of external pressure, the cloud survives for
longer against feedback than if it were not compressed. Therefore,
the integrated SFE M. /M, is higher than in unconfined clouds
even if the SFE per dynamical time (ef,) were the same. Even
small clouds can have large SFEs, giving rise to more strongly
bound clusters. A similar result was found by Elmegreen & Efremov
(1997), who suggested that high external pressure reduces mass-
loss from nascent globular clusters and so enhances their survival
prospects.

3.3 Summary

The calculations above reveal three major effects that confining
external pressure has on a molecular cloud.

(i) The cloud is compressed, reducing the effective dynamical
time-scale and thus increasing the rates of fragmentation and star
formation. This should be a general effect of higher ambient pres-
sure, independent of its source, the time-scale over which the pres-
sure increases or the shear velocity of the hot ISM w.r.t. the cloud.

(ii) A shockwave is driven into the cloud from the sides towards
the centre; the density in the post-shock region exceeds that of
the undisturbed cloud medium by a factor of ~7, facilitating star
formation there. As a result, stars form more rapidly in compressed
clouds than in undisturbed ones, so that the cloud evolves on the
effective dynamical time-scale. The shockwave is approximately
spherical if the lateral motion of the ISM past the cloud is slow. If
this velocity is large, the cloud is destroyed by the shockwave in a
few effective dynamical times. The presence of the shockwave is
guaranteed only if the external pressure increases around the cloud
on a time-scale shorter than the cloud dynamical time; otherwise,
the cloud has time to establish virial equilibrium with the higher
surrounding pressure.

(iii) As long as the total (external plus gravitational) pressure
confining the cloud exceeds the pressure created by stellar feedback,
the cloud is not disrupted and can continue to form stars. For the case
of photoionizing feedback, this pressure is ~1.6 x ]()"’MSR,’O3 erg
cm 3, easily reached in ISM heated by supernovae or AGN activity.
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The fraction of gas converted into stars is larger in confined clouds
than in uncompressed ones, leading to formation of more tightly
bound clusters.

Although these conclusions seem robust based on analytical
calculations alone, we wish to investigate the evolution of com-
pressed clouds in more detail. Therefore, we turn to numerical
simulations.

4 NUMERICAL SIMULATIONS

‘We run a number of simulations using the hybrid N-body/SPH
code GADGET-3 (an updated version of the publicly available code
from Springel 2005). We utilize the SPHS method (Read &
Hayfield 2012), which is specifically designed to remove artifi-
cial conductivity errors in standard SPH and resolve mixing of
multiphase material (Read, Hayfield & Agertz 2010) and had
been used successfully in modelling multiphase flows (Hobbs
et al. 2013). We employ the fourth-order HOCT4 kernel with
442 neighbours, and use adaptive smoothing and gravitational
softening lengths.

Each model starts with a spherically symmetric cloud with
M, = 10° M@ and R, = 10 pc, giving a mean particle density
of molecular hydrogen n, ~ 380 cm—>. We assume the cloud to
have uniform density initially; we comment on this assumption in
the Discussion (Section 6.6.2). The dynamical time of the cloud
is tayn =~ 1.7 Myr. The cloud is supported against self-gravity by
a large-scale turbulent velocity field with a characteristic velocity
O turb-

‘We choose an implementation of turbulent velocities that pro-
duces a purely solenoidal (divergence-free) turbulent velocity spec-
trum (Dubinski, Narayan & Phillips 1995; Hobbs et al. 2011). This
means that turbulence is incompressible; another extreme would be
a purely compressive (curl-free) turbulence. Although supersonic
turbulence is generally at least partially compressive, a large frac-
tion of the turbulent energy is expected to be in solenoidal modes
(Federrath et al. 2010; Hennebelle & Falgarone 2012), so we are
confident that our choice of the velocity spectrum is not totally un-
realistic. Furthermore, solenoidal turbulence has a shallower power
spectrum than compressive one. Numerical simulations tend to
steepen the spectrum as time goes by, since turbulence decays arti-
ficially starting from the smallest length-scales (highest wavenum-
bers); therefore, our choice of turbulent power spectrum should
produce more realistic results than the opposite extreme. Finally,
it is important to note that density perturbations grow ~10 times
slower for solenoidal turbulence than with purely compressive tur-
bulence (Federrath et al. 2010); thus, our results of fragmentation
rates are most likely underestimates.

From a technical point of view, turbulence is implemented as
follows. The velocity field has a Kolmogorov power spectrum

Pk o k™13, (16)

where k is the wavenumber. The velocity can be described as a
curl of a vector potential A (this means that the velocity field is
homogeneous and incompressible) and so the power spectrum can
be expressed as

(1) = (

where kpin >~ Ry !is the minimum wavelength of turbulence and C
is an arbitrary constant which is set later in order to give the char-
acteristic velocity o y,. The vector potential is sampled in Fourier

K+ k2 )*17/6’

‘min

an
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space on a periodic cubic grid of 256° cells, calculating the value of
Ay using equation (17). The curl of Ay then gives the velocity field
in Fourier space, which is Fourier transformed into real space. We
then use tricubic interpolation to calculate the velocity of each SPH
particle.

Once the turbulent velocities are set up, we scale them to give
the desired characteristic velocity (and hence turbulent energy). We
consider two values of o . The lower value, o'y, = 4 km s,
supports the cloud against self gravity and creates a dynamical
pressure inside the cloud Pyy,/ky 2~ 1.7 x 10° K cm3. The higher
value, oy, = 10 km s7!, creates the same dynamical pressure
as a cloud filled with photoionized gas would have: Pyy,/k, =~
1.06 x 107 K ecm™>. We choose to represent photoionized gas
with a higher turbulent velocity, rather than higher gas temper-
ature, because photoionization predominantly affects diffuse gas
(Dale & Bonnell 2011) and does not necessarily stop the collapse
of already dense regions (Dale, Ercolano & Bonnell 2012); tur-
bulence mimics this behaviour better than a uniform increase in
gas internal energy. Alternatively, the large value of turbulence
may represent a cloud which forms within a high-pressure outflow
(Zubovas & King 2014).

The cloud is surrounded by an ISM with particle density
msm = 1 cm™ and temperature of either 10° or 107 K. This pro-
duces a pressure either much lower than the dynamical pressure
of the cloud (Psm/ky = 10° K cm™3) or high enough to confine
even the highly turbulent cloud (Pism/ky = 107 K cm~3). Accord-
ingly, the models are called ‘uncompressed’ and ‘compressed’, re-
spectively. The high external pressure is also higher than the ISM
pressure necessary to prevent cloud dispersal by photoionization
(see equation 14). The whole system is set up in a periodic box of
side length 80 pc (models with shearing motion use a box of side
length 160 pc).

All the models use the same number of particles,
N = 10° to represent the cloud, giving a mass resolution
Myes = 442mspy = 44.2M¢y. This resolution is good enough to
resolve very massive stars and small stellar associations. We imple-
ment a cooling function appropriate for dense gas at temperatures
between 10 and 10* K (Inoue & Inutsuka 2008), which we modify so
that cooling is turned off for gas at temperatures between 3 x 10* K
and Tisy. With this prescription, the cloud gas is modelled with
reasonable accuracy, while the surrounding ISM stays isothermal.

In order to speed up simulations and track the fragmentation
within the cloud, we introduce sink particles in regions where the
density exceeds pei = 1077 g em™ =~ 1.5 x 10° Mg pe—>. At
temperature 7 = 10 K, this corresponds to a Jeans mass M
0.4M@ = 4mspy. This mass is similar to that of pre-stellar cores,
so our simulations should not overproduce the number and total
mass of fragments. The low Jeans mass allows us to track gas
dynamics down to the resolution limit and below (albeit with lower
accuracy below ~40 M¢).

The models analysed are listed in Table 1. We first consider mod-
els with zero lateral velocity — t4T5, t4T7, t10TS, t10T7, t2.8T5r4.2
and t2.8T7r4.2, where each model is labelled by the value of turbu-
lence (‘t’, in km s™!), logarithm of surrounding ISM pressure (‘T")
and rotational velocity at the edge of the cloud (‘r’, inkms~'). These
simulations are designed to show the basic behaviour of clouds com-
pressed by the hot ISM. Next, we model the more realistic cases of
non-zero shear, with relative velocities of the ISM w.r.t the cloud
(*v’) of 10, 30, 100 and 300 km s~'. The duration for which we
run each simulation is determined by numerical resources, but in all
cases, by the end of the simulation at least 70 pers cent of the cloud
gas is converted into sink particles.
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Table 1. Parameters of the numerical models and most important results. The first column shows the model ID. The next four

columns give the parameters: cloud turbulent velocity, confining ISM temperature, angular velocity of cloud rotation and linear

velocity of shearing cloud motion, respectively. The final three columns are the primary results: time of formation of the first sink
particles fsink, fragmentation time-scale ffg, half-mass radius r, at fragmentation time and efficiency of gas conversion into sink
particles in one dynamical time €y sj,x. Numbers with asterisks are extrapolated from earlier snapshots.

Model ID vy (kms™)  Tism (K)  Qror (kms™ pe™)  vig (kms™')  fyjnk (Myr)  firgg (Myr) 7 (pO)  €frgink
4TS5 4 10° 0 0 1.26 1.78 4.26 0.076
4T7 4 107 0 0 0.37 043 1.37 >0.9%
t10TS 10 10° 0 0 1.51 2.51 829 0.016
t10T7 10 107 0 0 0.40 0.56 1.68 >0.9*

2.8r4.2T5 2.8 10° 0.42 0 133 1.98 3.81 0.036

2.8r4.2T7 2.8 107 0.42 0 0.34 0.42 1.04 0.75

t4v10T5 4 10° 0 10 1.33 1.66 2.68 0.28

4v10T7 4 107 0 10 0.36 0.42 1.30 0.98

4v30TS 4 10° 0 30 133 1.66 280 027

t4v30T7 4 107 0 30 0.36 0.42 1.30 0.96

t4v100T5 4 10° 0 100 1.23 1.59 2.94 0.43

t4v100T7 4 107 0 100 0.29 0.43 225 0.92

t4v300TS 4 10° 0 300 1.08 1.39 3.85 0.52

4v300T7 4 107 0 300 0.60 0.89 1.48 0.80

5 RESULTS sions. The third parameter is the half-mass radius of the system, ry,,

We divide the result presentation into two parts. First, we analyse
the effects of external pressure without shear, including cases of
static gravitationally bound clouds (models t4T5 and t4T7), static
gravitationally unbound clouds (models t10T5 and t10T7) and ro-
tating gravitationally bound clouds (t2.8T5r4.2 and t2.8T7r4.2).
Next, we consider the effects of progressively stronger shear upon
self-gravitating clouds (models t4vXT5 and t4vXT7).

For each model, we derive four parameters which allow for easy
quantitative comparison of their progress. The first parameter is the
time when the first sink particle forms, which we use as a proxy for
the onset of star formation. Secondly, we define the fragmentation
time, fjr,g, as the time when the sink particle mass fraction reaches
20 pers cent; the choice of the particular mass fraction is arbitrary,
but choosing either 10 or 30 pers cent does not affect our conclu-

ylpel

2
log £ [g em™|

2
log X[z em?]

att = t,e. Finally, we define the efficiency of sink particle formation
€ 5ink as the mass fraction of sink particles after one dynamical time
of the cloud, i.e. 1.7 Myr. The numerical values of these parameters
are given in the last three columns of Table 1. The error due to time
resolution of the simulations is +0.02 Myr, while fractional errors
on distances are £0.02.

5.1 Models with no shear
5.1.1 Triggering of fragmentation

Figs 1 and 2 show the column density plots which depict the evolu-
tion of the models t4T5 and t4T7, respectively. The uncompressed
model quickly develops an uneven density structure and expands

0
x[pel

]
log £ (g em?]

Figure 1. Evolution of the uncompressed cloud model, t4T5. Left-hand panel: ¢+ = 1.26 Myr, just before the first sink particles appear; the cloud initially
expands slightly and develops an uneven density structure due to turbulence, with higher density in the centre and several high-density blobs and filaments.
Middle panel: 7 = 1.78 Myr, when Mginx = 0.2(M¢ + Mgink): sink particles form predominantly in the centre of the cloud, where the dynamical time is shortest

and densities are highest. Right-hand pan

: zoom in to the centre of the cloud at t = 1.78 Myr; sink particles have formed in several clumps where turbulent

motions created overdense regions. Note the density scale change in this panel compared with the previous two. In the last panel, only 10 pers cent of sink

particles are shown for clarity.
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Figure 2. Evolution of the compressed cloud model, t4T7. Left-hand panel: 7 = 0.14 Myr; the cloud is confined and slowly compressed by the surrounding
medium, developing an overdense shell at the interface. Middle panel: = 0.37 Myr, just before the first sink particles appear; the cloud radius is decreasing,
but RM instabilities destroy a coherent shockwave. Right-hand panel: 7 = 0.43 Myr, when Mg,k = 0.2(M + Minx); sink particles are forming vigorously in a
single clump in the centre of the cloud. Note the density and size scale change in this panel compared with the previous two. In the last panel, only 10 pers cent
of sink particles are shown for clarity.
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Figure 3. Radial density profiles. Left-hand panel: model t4T5 at 0.47, 1.26 and 1.78 Myr (solid, dashed and dot-dashed lines, respectively; each line is
created by averaging the values of three subsequent snapshots, in order to reduce numerical noise). Coloured regions indicate 410 deviation from the mean
of log p. The cloud develops an approximately isothermal density profile, and its density exceeds the star formation threshold only in the very centre. Middle
panel: model t4T7 at 0.14, 0.37 and 0.43 Myr. Line styles and colours as in previous panel. The cloud is compressed, with a weak shockwave (density ratio ~2)
moving inwards. The threshold density for star formation is still reached only in the centre. Right-hand panel: sink particle radial profiles (solid lines) and gas
radial profiles (dashed lines) at # = ffrg: blue lines indicate t4T5, red lines indicate t4T7. The gas density profiles are identical except for the presence of a
shockwave in model t4T7, while the sink particles in t4T7 are distributed slightly more widely than in the uncompressed model.

slightly, before starting to collapse as the turbulence decays. The compresses it (Fig. 2, left-hand panel and Fig. 3, middle panel).
density increases mainly in the central parts of the cloud, which However, there is no clearly visible shockwave moving inwards
develop an isothermal (p oc R~2) density structure (left-hand panel, through the cloud. This happens because Richtmyer-Meshkov
also Fig. 3, left-hand panel). Star formation begins in the central re- (RM) instabilities begin growing along the interface between the
gions, where the density is highest due to convergent turbulent flows. cloud and the ISM on a time-scale comparable to the cloud-crushing
Sink particles form along filaments and are gradually absorbed into time-scale (Klein et al. 1994). These instabilities manifest as thick
a central elliptical cluster (right-hand panel). The fraction of mass fingers visible in the middle panel of Fig. 2. The first sink particles
converted into sink particles in one dynamical time of the cloud appear at f ~ 0.37 Myr. Much like in the uncompressed model, they
is €frgink = 7 perscent. Multiplying this value by the single-core form in the centre of the cloud, where growing instabilities increase
SFE of 25-75 pers cent (Matzner & McKee 2000; Alves, Lombardi mixing rate and promote the formation of high-density clumps. Un-
& Lada 2007) gives an SFE e, >~ 2—5 perscent. The similar- like the uncompressed model, however, the sink particles are more
ity of this result to the observationally derived value (McKee & likely to escape their parent clumps, so the mean mass of sink par-
Ostriker 2007) is partly coincidental, and depends sensitively on ticles is lower, and all sink particles form a single large cluster,
the initial conditions, especially the characteristic turbulent veloc- rather than keeping a complex substructure. All of the cloud gas is
ity of the cloud (Bate, Bonnell & Bromm 2003). Furthermore, the converted into sink particles well before 1.7 Myr, giving a formal
decay of turbulence in the cloud is partly responsible for the high fragmentation efficiency € > 100 per cent.
fragmentation rate (see Section 6.6.3). We compare the radial density profiles of gas (dashed lines)
The evolution of the compressed cloud is notably different in and sink particles (solid lines) in the two models at f = fg,
two aspects. As expected, the hot ISM confines the cloud and in the right-hand panel of Fig. 3. The gas density profiles are
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almost identical in the two models, except for a weak shock-
wave (density ratio ~2) in model t4T7 (red line) at 0.3 pc < R <
0.7 pc. Both gas density profiles are slightly steeper than isother-
mal, p oc R=23, outside R ~ 0.7 pc. They should flatten over time.
The sink particles are slightly more centrally concentrated than
the gas in both models; furthermore, the uncompressed cloud has
a smaller ‘core’ of sink particles, going out to ~0.5 pc, as op-
posed to the ~1-pc-wide core in the compressed model. The outer
slopes of sink particle density profiles are very steep in both models,
dlInp/ dInR =~ —4 to —5, which should later expand and relax to a
shallower distribution.

The morphology of high-turbulence models, t10T5 and t10T7,
is presented in Fig. 4. The unconfined cloud expands signifi-
cantly, with some filaments reaching radii of >30 pc. Mean-
while, the density in the central parts keeps increasing and the
first sink particles appear at 1.51 Myr, not much later than in
the low-turbulence model (t4T5, 1.26 Myr). Later on, however,
the fragmentation rate stays much lower than in t4T5 (see Sec-
tion 5.1.3). As a result, the fragmentation efficiency is only € gink
2~ 1.6 pers cent. This is much lower than the 5-10 pers cent found
by Clark et al. (2005), presumably because those authors consid-
ered a cloud with Ey/Egqy = 2, whereas in our model, the ra-
tio is 7.7. The sink particle cluster that eventually forms in the
central parts (Fig. 4, left-hand panel) is not a realistic result due
to the decay of turbulence (see Section 6.6.3) and lack of stellar
feedback (see Section 6.3), which would presumably destroy the
cloud.

The confined highly turbulent cloud (Fig. 4, right-hand panel)
evolves in a very similar way to its low-turbulence analogue. The
cloud expands very little at first, but is quickly confined and com-
pressed; even though the shockwave is weak, RM instabilities form
behind it and help increase gas density, which leads to formation of
the first sink particles at r >~ 0.40 Myr, a very similar time to model
t4T7. Subsequently, both the fragmentation rate and fragment mass
fraction increase exponentially, with 20 pers cent sink particle mass
fraction achieved by fir,; = 0.56 Myr (compare with 7, = 0.43 Myr
of t4T7). The half-mass radius of the cloud is slightly larger than in
the model t4T7, but this difference does not affect the global evo-
lution: just as in t4T7, all of the cloud gas turns into sink particles
within one dynamical time.

2 El 0 1 2
x[pel
2 -1 0 1
log X [gem”]

These results show that the surrounding hot ISM pressure can
have a dominant effect on molecular cloud evolution, provided it is
larger than the dynamical pressure of the cloud. The affected cloud
is confined, preventing gas dispersal (and reducing its tidal radius;
see Section 6.3); a shockwave is driven into the cloud, followed by
RM instabilities, which accelerate and trigger fragmentation.

5.1.2 Fragmentation of rotating clouds

‘We run two simulations, t2.8r4.2T5 and t2.8r4.2T7 (see Table 1),
to investigate the effects of cloud rotation. The cloud is set up to
have solid-body rotation around the Z-axis with an angular velocity
of @y = 0.42 km s~! pc™!. The characteristic turbulent velocity
is reduced to 2.8 km s~'. This ensures that the contributions to
dynamical pressure from rotation and turbulence are approximately
the same in the XY plane and that the total kinetic energy of the
cloud is the same as in t4 models.

Even though the cloud rotation is slow, with w;ogyn > 0.7, the
uncompressed cloud evolves rather differently from the non-rotating
case. The first two panels of Fig. 5 show the cloud morphology
at t =ty = 1.98 Myr. The cloud collapses vertically, forming
a disc partially supported by rotation, which then fragments and
starts producing sink particles in small clusters throughout the disc.
The mean density of the gas disc is lower than of a spherically
collapsing cloud, so the sink particles begin appearing slightly later,
after ~1.33 Myr. The fragmentation efficiency is accordingly lower,
€fr5ink = 3.6 pers cent.

Since the compressed rotating model evolves much faster, rota-
tion does not have time to break the cloud into separate clumps.
However, rotation has another important effect; the RM fingers that
significantly affect the cloud evolution in the non-rotating models
are sheared away, and the central parts of the cloud are effectively
shielded from the shockwave. As a result, the highest densities are
achieved at the edge of the cloud; this is also where most sink parti-
cles form (third panel of Fig. 5). In the vertical direction, the cloud
is strongly compressed (fourth panel of Fig. 5), but the shockwave
does not produce large enough densities for rapid fragmentation. It
is interesting that the global parameters of cloud fragmentation are
very similar to those of the non-rotating compressed model. The
first sink particles appear after ~0.34 Myr and f;,, = 0.42, leading
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Figure 4. Morphology of the two high-turbulence models, t10T5 (left-hand panel) and t10T7 (right-hand panel), when the sink particle mass fraction is
20 pers cent. This happens at r = 2.51 Myr for the uncompressed model and at 1 = 0.56 Myr for the compressed cloud. Even high turbulence is unable to
prevent confinement and collapse of the cloud embedded in a high-pressure hot ISM. Only 10 pers cent of sink particles are shown for clarity.
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Figure 5. Morphology of rotating cloud models, t2.8r4.2T5 at = 2.03 Myr (two left-hand panels) and t2.8r4.2T7 at 0.42 Myr (two right-hand panels). First

and third panels show the top-down view of the XY plan

second and fourth panels show the side view of the XZ plane. Rotation has a noticeable effect on

the morphology of both uncompressed and compressed clouds, distributing the gas in a larger volume and preventing instability growth. Only 10 pers cent of

sink particles are shown for clarity.

to a large fragmentation efficiency e gnc = 75 pers cent; all these
numbers are very similar to those of model t4T7.

5.1.3 Reduced effective dynamical time

Fig. 6 shows the mass fraction of sink particles (solid lines) and
fragmentation rate in solar masses per year (dashed lines) for the
six models described above (left-hand panel — t4, middle panel —
t10, right-hand panel — t2.8r4.2; blue lines — TS5, red lines — T7).
The horizontal axis is scaled to the fragmentation time-scale ;g
(see Table 1 and the beginning of this section).

We see immediately that the time evolution of compressed and
uncompressed models is qualitatively different. Model t4T7 (left-
hand panel, red lines) forms stars ~10 times more rapidly than
model t4T5, so even when scaled to the fragmentation time-scale
tra, the growth of sink mass fraction is much faster in the com-
pressed cloud. Similar differences appear in the high-turbulence and
rotating models.

It is interesting to compare the ratio of certain time-scales for
both models with analytical predictions. The analytical prediction
for the effective dynamical time (Section 3.1.1 and equation 7) is
tagn/Thyn = (Pisst + Paav/ Pray) * = 2.9. The ratio of the times for
the first sinks to form, 1.26/0.37 =~ 3.4, is similar, but somewhat
larger. The discrepancy is even greater when we consider the frag-
mentation time-scales: firg 415/ fragur7 = 1.78/0.43 >~ 4.1. We see
that the compressed cloud evolves progressively faster than the an-
alytical estimate predicts. This accelerated fragmentation cannot be
the result of increased mean cloud density, because both models

have the same density profiles at #;,, (Fig. 3, right-hand panel). A
possible explanation is the action of RM instabilities, which create
denser and more diffuse regions while keeping the radial density
profile the same. This facilitates the fragmentation of gas into sink
particles. We tested this hypothesis by running these two simulations
with the standard SPH formalism, where artificial surface tension
suppresses instability growth, and found that the compressed cloud
there evolves consistently with the analytical prediction.

The difference in evolution between the two high-turbulence
models is even larger. As expected, the uncompressed high-
turbulence cloud, model t10T5, fragments very slowly, reaching
only M.mg ~0.04Mp yr~! and maintaining this value for a long
time, as turbulence decays and material gradually accumulates back
in the centre of the cloud. The compressed cloud, however, evolves
almost identically to its low-turbulence counterpart, exhibiting
similar peak fragmentation rate and the ratio of f;,, to the time
of the formation of the first sinks.

Both rotating models evolve in a similar way to the t4 models.
Rotation slows down fragmentation in the uncompressed model,
but otherwise the time evolution is almost identical. This is striking
when considering how different the morphologies of the rotating and
non-rotating compressed models are. Such similarity suggests that
RM instabilities only increase the stratification of densities in the
cloud, rather than compacting the cloud as a whole. In the rotating
model, instabilities are confined to the outskirts of the cloud, but
their effects still manifest.

Overall, the time evolution reveals that external compression
enhances molecular cloud fragmentation in two ways. First of all,
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Figure 6. Fragmentation rates and growth of the sink particle population for the low-turbulence (left-hand panel), high-turbulence (middle panel) and rotating

(right-hand panel) models. The time axis is scaled to the fragmentation time-scale fro (see Table 1). In all three cases,
faster fragmentation, with a much shorter time between first sink particles appearing and ffsg and a 10—20 times larger fr
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models evolve similarly independently of characteristic turbulent velocity or rotation.

MNRAS 442, 2837-2854 (2014)

177



2846 K. Zubovas, K. Sabulis and R. Naujalis

it pushes the cloud together, reducing the effective dynamical time.
In addition, the shockwave generated by the high-pressure ISM
facilitates the formation of instabilities, which stratify gas density
in some regions, accelerating fragmentation. Finally, if the cloud is
confined by external pressure, the characteristic turbulent velocity
has very little effect on the cloud evolution.

5.2 Cloud with shearing motion

We perform eight simulations of clouds moving with respect to the
surrounding ISM (see Table 1) to evaluate the effects of progres-
sively stronger shearing motion. The low-pressure models in this
group are essentially a form of the standard ‘blob test” for hydro-
dynamic codes (Nakamura et al. 2006; Agertz et al. 2007; Read &
Hayfield 2012), except that the cloud is turbulent. The time-scale
of cloud destruction in such a system is (Agertz et al. 2007)

2R, a\'"? Y

faen ~ 1.6 x 24 (L> ~125MP Ry P Myr, (18)
Viat  \ PisM :

where vig9 = vj,/100 km s~'. We see that the clouds should not

be destroyed by shear on the time-scales relevant for our models,
especially when the post-shock gas further compresses the cloud.
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For numerical reasons, we set up the cloud as static, with the ISM
moving past it at a uniform velocity vy, in the positive X-direction.
‘We consider four ISM velocities: v, = 10, 30, 100 and 300 km s .
Direct acceleration of the cloud is important only in the fastest case,
where the cloud is accelerated to a velocity of the order of o
in ~0.8 Myr (McKee, Cowie & Ostriker 1978); in the other cases,
taccel > ldyn-

The results of these models are presented in Figs 7 (cases with
v = 10 and 30 km s~') and 8 (v 100 and 300 km s~!). The
first two columns in each figure show the morphology of these
models at # = .. In all the plots, the ISM is moving to the right.
Each row represents a different lateral velocity, while the left and
middle columns represent uncompressed and compressed models,
respectively.

There is an immediately obvious qualitative difference between
the T5 and T7 models, namely that T5 models fragment closer to
the leading (left) edge of the cloud, while the T7 models fragment
closer to the trailing (right) edge. This is easy to understand once
we consider how shockwaves propagate through the clouds in vari-
ous cases. In models t4v10T5 and t4v30T5, there is no discernible
shockwave, since the lateral velocity is vix < owm(pa/pism)'/?
~ 130 km s~'. The morphology of the fragmenting central re-
gions is identical to those of the static cloud, and the parameters of
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Figure 7. Morphology and time evolution of moving cloud models with lateral velocities of 10 km s~! (top row) and 30 km s~! (bottom row). Left-hand

column shows models with Tisy = 107 K, i.e. uncompressed clouds, middle column show clouds compressed with Tism = 107 K (both at 7 = Ifrag ), right-hand
column shows the time evolution scaled to the fragmentation time. The ISM moves to the right in all left and middle column plots.
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Figure 8. Same as Fig. 7, but for models moving with 100 km s~! (top row) and 300 km s~! (bottom row).

fragmentation are almost identical as well (see Table 1): first sink
particles appear at t = 1.33 Myr in both models; the fragmentation
time-scale is also identical, #,, = 1.66 Myr, slightly smaller than in
the static model (1.78 Myr). This discrepancy arises because some
of the cloud material is removed and joins the ISM, so the mass of
the cloud drops and a lower total sink particle mass is required to
bring the mass fraction up to 20 pers cent. Cloud ablation and slight
compression along the leading edge also leads to the sink particle
cluster appearing off-centre and to the half-mass radius of the cloud
being much smaller (2.68 pc versus 4.26 pc in model t4T5.

In the higher velocity models, t4v100T5 and t4v300T5 (Fig. 8,
left-hand column), the shockwave produced by the lateral motion
of the ISM affects the cloud significantly. The shockwave moving
through the cloud has a velocity comparable to or larger than the
characteristic turbulent velocity, and so the cloud begins to break
apart (as in the standard ‘blob test’; Agertz et al. 2007). Frag-
mentation is accelerated by the shockwave, with first sink particles
appearing at ¢ = 1.23 Myr and 1.08 Myr in the v100 and v300 mod-
els, respectively, and occurs along the leading edge of the cloud. In
particular, in the v300 model, the shockwave enhances gas compres-
sion by ~20 pers cent, so that the sink particles reach 20 pers cent
by mass at only f;,, = 1.39 Myr (in model v100, #1r,y = 1.59 Myr).
The increasing importance of cloud ablation is also evident when
considering the half-mass radii, which also increase with increasing
lateral velocity. In both models, the faint line of material visible on
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the left is the extended tail of the cloud arriving through the periodic
boundary. The density of this tail is low enough to be insignificant
for the evolution of the cloud.

The compressed models show different behaviour, because there
is always a shockwave moving in through the cloud. Once again,
the low-velocity models evolve similarly to their static analogues,
with both the time of appearance of the first sinks (0.36 Myr) and
fragmentation time (fsa; = 0.42 Myr) the same as in model t4T7.
Faster motion (model t4v100T7) produces noticeable change in
that the shockwave is anisotropic, moving in faster from the leading
(left-hand) side, resulting in maximum compression in the trailing
side of the cloud and more fragments forming there. The fragments
also start forming earlier, at # = 0.29 Myr, but 5, = 0.43 Myr is the
same as in previous models. The fastest cloud, v300, is disrupted by
the shockwave and so fragmentation is actually delayed, with first
sink particles forming at = 0.6 Myr and #,, = 0.89.

The right-hand columns of Figs 7 and 8 show the time evolution
of fragmentation in the eight models. All four uncompressed mod-
els (blue lines) evolve similarly, with first sinks appearing at around
0.81j4g, the fragmentation rate increasing up to ~0.2M¢p yr~! and
then dropping. Only in the fastest moving model the fragmen-
tation rate drops more significantly due to rapid removal of gas
from the cloud. The two slow-moving compressed models evolve
very similarly to the static compressed one (t4T7, compare the
left-hand panel in Fig. 6), with a maximum fragmentation rate
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reaching ~1 Mg yrlatr~ tirag before dropping slightly. In the

v100 model (Fig. 8, top-right panel, red lines), fragmentation starts
earlier, at # > 0.65t,; and proceeds more slowly, with fragmentation
rate staying at ~0.3 M yr~"'. This happens because the anisotropic
shockwave creates conditions for fragmentation as it moves through
the cloud; this is evident from the elongated shape of the sink parti-
cle cluster (top-middle panel). Finally, the compressed v300 model
(Fig. 8, bottom-right panel, red lines) evolves superficially similarly
to the uncompressed model, because the evolution is governed more
by the shear than the isotropic compression.

6 DISCUSSION

Our simulations show that, under idealized conditions, high external
pressure has a dominant effect on the collapse and fragmentation
of a molecular cloud. Cloud fragmentation into pre-stellar cores is
significantly accelerated in a compressed cloud, more than a sim-
ple pressure balance argument would suggest. Furthermore, even a
highly turbulent cloud, which would be unbound without external
confinement, is crushed and fragments in a very similar fashion to
the low-turbulence analogue. In a similar fashion, cloud rotation is
also unable to counteract external compression, although fragments
form in qualitatively different locations in rotating clouds. Accel-
erated fragmentation leads to a larger fraction of the initial cloud
mass converted into pre-stellar cores. Models of moving clouds
show that the influence of low shear velocities (vj, < 100 km s~')
upon cloud evolution is minimal, but ram pressure caused by large
velocity dominates over isotropic pressure and disrupts the cloud as
it fragments.

We consider the general implications of these results below, in
Section 6.1. We discuss the effect of external pressure upon cloud
dispersal and formation of compact star clusters (CSCs) in Sec-
tions 6.2 and 6.3. On larger scales, our results support the possi-
bility of positive AGN feedback (Section 6.4) and are consistent
with other models of star formation enhancement or triggering by
pressure (Section 6.5). Finally, we briefly review the validity of as-
sumptions made in this work and discuss the possible improvements
to the models in Section 6.6.

6.1 Cloud confinement

In all models of compressed clouds, the time evolution is almost
identical. The integrated fragmentation parameters — the onset of
fragmentation, the fragmentation rate and the time-scale for a given
fraction of the cloud to be transformed into sink particles — are
hardly affected by differences in initial conditions, environment
and cloud morphology. The only noticeable difference is that the
rotating cloud models have lower mean sink particle mass, but the
lack of detailed star formation physics in our simulations prevents
us from drawing significant conclusions regarding this property.

This similarity suggests that as long as external compression
dominates over other sources of confinement, such as gravity or
shock due to shearing motion, cloud fragmentation is governed
almost exclusively by this compression. Furthermore, the accelera-
tion of fragmentation is greater than the analytical estimate based on
pressure balance predictions; this enhancement is due to instabilities
enhancing the density contrast within the cloud.

Empirically, the increase of total (external + gravitational) pres-
sure by afactor of 11.4/1.4 > 8 leads to an increase in the fragmenta-
tion rate by a factor of ~10, suggesting an almost linear relationship.
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However, we cannot constrain it further without a wider range of
simulations, which are beyond the scope of this paper.

The results of even these idealized simulations reveal that exter-
nal pressure can have an important, even dominating effect upon
molecular cloud evolution. This effect should be accounted for in
subgrid prescriptions of large-scale simulations. Typically, the time-
scale (and, equivalently, rate) of star formation in these prescrip-
tions is governed by gas density only (Fujita et al. 2003; Springel
& Hernquist 2003). Instead, they should take the surrounding hot
gas pressure into account. In grid codes and some SPH codes (e.g.
Springel & Hernquist 2003), cold and hot gas can be present in the
same computational element, in which case the hot-phase pressure
change can be used when calculating the star formation rate in the
cold component. In models where the cold phase is resolved with
separate particles, the pressure of hot gas surrounding a particular
cold gas clump should be used instead.

6.2 Formation of stars and parent cloud evolution

In most compressed cloud models, cloud fragmentation is enhanced
by the shockwave moving in through the cloud together with the RM
instabilities further increasing the density contrast. The shockwave
only appears because we assume that the ISM pressure increases on
a time-scale shorter than the dynamical time of the cloud, so that the
cloud does not have time to contract as a whole. Nevertheless, the
confinement of cold gas would happen even in the case of gradual
ISM density increase; Elmegreen & Efremov (1997) investigated
such a situation, finding a higher star formation rate in clouds that
virialize under high external pressure. Our simulation t10T7, with
a highly turbulent cloud in approximate pressure equilibrium with
its surroundings, where the shockwave would be weak, also shows
significantly enhanced fragmentation. Therefore, the acceleration
of star formation should be present independently of the existence
of a shockwave. In the rotating compressed cloud model, sink parti-
cles appear in the shocked gas confined to the outskirts of the cloud.
The similarity of this fragmentation rate to that of the static cloud
depends on the initially uniform cloud density. In a more realistic
cloud with a centrally peaked density distribution, we would ex-
pect lower fragmentation rate. Since most molecular clouds should
have non-zero angular momentum, the fragmentation rates we find
should be taken as upper limits.

The overall sink particle formation rate in our compressed mod-
els is ~10 times larger than in uncompressed clouds. Since the
fraction of pre-stellar core mass that ends up in a star is indepen-
dent of core mass (Matzner & McKee 2000), the star formation rate
should follow the same trend. This increase is larger than the scatter
in the KS relation (oks =~ 0.2-0.3 dex; Bigiel et al. 2008), so it
should be detectable. There is some evidence that starburst galaxies
have ~3—4 times higher SFR surface densities at the same gas sur-
face densities, and correspondingly shorter depletion time-scales of
the cold gas (Garcia-Burillo et al. 2012). This finding is consistent
with the suggestion that starbursts as a whole can be triggered by
increased external pressure (Zubovas et al. 2013). A connection
between higher star formation rate and external pressure was also
found in resolved star-forming regions of M82 (Keto, Ho & Lo
2005).

Stellar feedback, not included in our simulations, affects the prop-
erties of the forming stellar population. Young massive stars heat
their surroundings, increasing the Jeans mass and reducing the frag-
mentation rate (Bate 2009; Offner et al. 2009), leading to a top-heavy
mass function (Krumholz, Klein & McKee 201 1; Bate 2012). Other
forms of stellar feedback, such as pre-stellar outflows (Krumholz &
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Matzner 2009) and radiation pressure (Fall et al. 2010), also tend
to increase the mean stellar mass. In our compressed cloud simu-
lations, fragmentation happens much more rapidly; therefore, more
sink particles may form before radiative heating is able to shut off
further fragmentation. On the other hand, external pressure con-
fines the gas for longer, so the fragments can grow to much larger
masses than in unconfined clouds. We cannot say which of the two
processes is more important and how different the mass functions
of compressed and uncompressed clouds would be without further
simulations.

The global cloud dynamics is also affected by stellar feedback.
Outflows driven by photoionization can potentially remove a sig-
nificant fraction — more than 10 pers cent — of the cloud mass (Wang
et al. 2010; Dale et al. 2012), leaving it and the nascent star cluster
more prone to destruction (Pfalzner 2011; Dale et al. 2012). The
effects of pre-stellar outflows (Krumholz, Klein & McKee 2012b),
stellar winds (Dale et al. 2013) and radiation pressure (Krumholz &
Matzner 2009) are also significant. In particular, radiation pressure
is probably the primary mode of disruption of massive molecular
clouds (Murray et al. 2010) and can drive significant turbulence
(Krumholz et al. 2012b). Supernova explosions begin ~3 Myr af-
ter the formation of first stars and disperse most of the cloud gas
within ~6 Myr (Rogers & Pittard 2013). All of these effects can
also trigger subsequent star formation by compressing the gas in
other parts of the cloud (Dale, Bonnell & Whitworth 2007a; Koenig
etal. 2012, also see Section 6.5.2 below). Ultimately, the star forma-
tion rate might be determined by self-regulation, whereby turbulent
and stellar feedback pressure counteract gravity (Thompson et al.
2005). In our model, external pressure aids gravity and must be
compensated as well (see also Section 6.4). We plan to investigate
the effects of stellar feedback in a future publication.

In addition to internal stellar feedback, molecular clouds may
be destroyed by external effects. Galactic-scale numerical simula-
tions show cloud lifetimes of a few to ~20 Myr (Dobbs & Pringle
2013). It is not clear how this dynamical evolution would be af-
fected by external pressure, if at all. On time-scales comparable
to, or shorter than, the dynamical lifetime, the cloud can evapo-
rate due to heating by the ISM (Cowie & McKee 1977). Equation
22 of that paper, when rescaled to the parameters of our model
clouds, reads

fep ~ 40Ms R} T, Myr. (19)

So we may expect the compressed cloud to lose only a small frac-
tion of its material to evaporation during the time relevant in our
simulations. On the other hand, if the cloud was compressed by a
much hotter ISM, evaporation might take over (ey,y ~ 1.3 x 10° yr
at Tigy = 10° K) and destroy the cloud before any significant star
formation takes place. Shear also destroys the cloud on a time-scale
faest ~ 12.5M2* Ry Pvihy Myr (equation 18). This time-scale is
longer than the fragmentation time-scales of all our models so long
as vy, < 600 km s~ For less massive and/or more diffuse clouds,
however, the destruction time-scale is shorter and disruption due
to shear might become the dominant mechanism, preventing rapid
star formation. In addition, there are other processes that affect the
cloud destruction time-scale: a smoother density gradient increases
this time-scale (Nakamura et al. 2006), while turbulent motions in
the post-shock ISM decrease it (Pittard et al. 2009).

Another result of cloud—shockwave interaction, as in blob tests, is
that the cloud expands laterally behind the shockwave and thus be-
comes more susceptible to other forms of quasar feedback (Hopkins
& Elvis 2010), enhancing the quenching effect that AGN activity
can have upon star formation. We do not find this behaviour in
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our models for three reasons. First of all, we do not model the
initial shockwave interaction with the cloud; however, the evolu-
tion of the fastest shearing cloud model, t4v300, is significantly
affected by the shear-induced shockwave, so a similar effect might
be expected. Secondly, the time-scale of expansion is similar to
the cloud-crushing time-scale, and our clouds evolve faster than
this. Finally, the presence of isotropic pressure behind the shock
helps confine the cloud, and further compresses it in the T7 model,
preventing expansion and dispersal.

6.3 Evolution of star clusters

The sink particles tend to form in a single clump in all non-rotating
models except v300. The clump rapidly relaxes and the sink particles
appear to stay together in a cluster. In order to understand the subse-
quent evolution of this cluster, we plot, in Fig. 9, the time evolution
of the virial parameter yi; = Eyin/|E;| of the sink particles for the
non-shearing (top panel) and shearing models (bottom panel). In all
pairs of models, the dashed line shows compressed clouds and solid
line shows uncompressed ones. In all models, the sink particles are

10.0 ‘
- ¢4TT7
— WT5
- -~ t10T7
—— tI0T5
S 2814277
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Figure 9. Virial parameter « of the sink particles in the six models without
shear (top) and eight models with shear (bottom). Solid lines correspond to
uncompressed models, dashed lines represent compressed clouds. In the top
panel, blue lines are low-turbulence models, red lines are high-turbulence,
while green lines are rotating models. In the bottom panel, the blue, red,
green and black lines correspond to v10, v30, v100 and v300 models,
respectively.
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at first strongly unbound (ey;r > 1), but the virial parameter rapidly
decreases, falling below 1 around t = fg,. The only models which
retain a formally unbound sink particle population throughout are
t10T5, as one might naively expect, and t4v100TS5, where the cloud
disrupts as is it forming the clusters. After fs,s, the virial parameter
increases in most models; this represents the fragmentation of a
single sink particle cluster into subclusters, which disperse, since
sink particles are not affected by surrounding gas pressure. Some
models, such as t4 and t2.8r4.2 pairs, keep globally bound sink par-
ticle clusters throughout the simulation, but this is not a common
occurrence, especially when shear is considered. Comparing the
compressed and uncompressed models in each pair, we see that in
most cases, compressed clouds tend to have somewhat lower virial
parameters. This suggests that compressed cloud are somewhat, but
not significantly, more likely to form bound star clusters than un-
compressed ones. Such clusters are then less likely to disperse due
to internal motions soon after the parent cloud disperses (so-called
infant mortality; Lada & Lada 2003, Section 5.2).

The sink particle clusters formed in the static cloud simulations
have visually similar density profiles (Fig. 3, right-hand panel),
but their half-mass radii differ, with model t4T5 having rp gk =~
0.79 pc and model t4T7 having r, gk 2 0.26 pc. This difference
is caused by the high-density core present only in the compressed
model and a low-density envelope present only in the uncompressed
one. The difference is not large, so both clusters would appear
very similar while young. However, their long-term evolution may
be significantly different, especially because the compressed cloud
converts a larger fraction of its mass into sink particles (and, hence,
stars). Both more massive (Kruijssen & Portegies Zwart 2009) and
more compact (Spitzer 1987; Gieles & Baumgardt 2008) clusters
can withstand the tidal field of the host galaxy more easily and
lose a smaller fraction of their mass during evolution, so we may
expect compressively formed clusters to survive for longer. Since
these clusters do not necessarily have very large masses, they may
appear as CSCs (Holtzman et al. 1992). These clusters are expected
to form from molecular clouds that have been compacted by some
process (Escala & Larson 2008; Larsen 2010), consistent with the
picture presented in this paper. The higher star formation rate in the
progenitor cloud coinciding with a more long-lived cluster is also
consistent with observations that a larger fraction of stars stay in
clusters in regions of galactic discs with higher star formation rate
per unit area (Larsen & Richtler 2000). Similar arguments apply
to our other models, both with and without shearing motion (see
Table 1).

6.4 Implications for positive AGN feedback

The main motivation of the simulations presented above is to val-
idate the assumption that increased pressure leads to increased
star formation rates, which is central to several models of posi-
tive AGN feedback (Silk 2005; Ciotti & Ostriker 2007; Zubovas
et al. 2013). Such a connection requires, first of all, that exter-
nal pressure should trigger and/or enhance molecular cloud frag-
mentation on time-scales much shorter than the flow time-scale
of the AGN outflow. Otherwise, the decrease in outflow pressure as
the outflow expands would preclude any significant enhancement
of the galactic star formation rate. The flow time-scale is of the or-
der of several tens of Myr (King, Zubovas & Power 2011; Zubovas
& King 2012); our results show that compressed molecular clouds
evolve on much shorter time-scales, so this requirement is satisfied.

In addition, the high fragmentation rate under compression must
translate into a sustained high star formation rate. This requires that
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self-regulation of star formation produces a higher SFR at higher
pressure. We may use the analytical model of Thompson et al.
(2005) to show that this is expected. In that model, the star formation
rate is set by the balance between pressure force from feedback
processes (stellar radiation, winds and supernova explosions) and
self-gravity of the gas. In our model, external pressure provides an
extra force working in tandem with gravity:

Forav + Fism = Fp, (20)

where the right-hand-side term is force from feedback. Assuming
that all forces act isotropically, we can rewrite this equation in terms
of pressures as

Gz}

tot

+ Pisu = €X.c, 21

where X\, = Z, + I, is the column density of cloud gas and stars.
It follows from this relation that the star formation rate density
increases when external confinement is present. Our results cor-
roborate this finding, by showing that external pressure can easily
confine clouds which have very high dynamical pressures (such as
would be present in photoionized gas; see Section 6.1).

The shockwave of an AGN outflow can have a more direct impact
upon molecular clouds. Gray & Scannapieco (2011) found that
AGN outflows can trigger vigorous star formation in primordial
minihaloes, leading to formation of CSCs in systems that would
otherwise not form stars at all. Although we do not model the
passage of a shockwave around the cloud (see Section 6.5.2 for
comments on other work addressing such issues), the increased
fragmentation rate in our models is consistent with these results. On
the other hand, star formation triggering by passage of supernova
remnants requires a particular range of densities and SNR radii to
work (Melioli et al. 2006); clouds that are too small are disrupted,
while overly large clouds dissipate the shockwave too efficiently.
A similar separation of various regimes may occur in the case of
AGN feedback, but we cannot constrain these parameters without
a larger study.

Therefore, our results support the models of positive AGN feed-
back due to outflows that can overpressurize the ambient gas and
induce or increase star formation rates. In future, we intend to run
larger scale simulations that will self-consistently treat the propa-
gation of an AGN outflow and its effect on the dense clouds in a
galaxy environment.

6.5 Other work

Several authors have considered the connection between star forma-
tion rates (both on GMC and on galactic scales) and the properties
of the ambient medium, including pressure. We briefly summa-
rize those results below and comment on their connection with our
results.

6.5.1 External confinement of star-forming regions

Recently, there has been mounting observational evidence that the
immediate surroundings of the molecular clouds are an important
element in their evolution. Observations of star-forming regions in
MB82 (Keto et al. 2005) show molecular clouds forming stars only
when compressed by hot ISM, but not on their own volition; this is
the case even for parts of the same cloud which are otherwise indis-
tinguishable observationally. At high redshift, many gas-rich galax-
ies show evidence of high ISM pressure (Swinbank et al. 2011),
which correlates with the presence of starbursts. Observations of
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merger-triggered ultra-luminous infrared galaxies (ULIRGs) hint
at star formation being triggered by molecular cloud infall into a
high-pressure medium (Solomon et al. 1997). More recently, it was
proposed that ISM pressure differences among M51, M33 and Large
Magellanic Cloud are responsible for the properties of molecular
clouds in those galaxies (Hughes et al. 2013).

From a theoretical standpoint, Jog & Solomon (1992) have
investigated how GMCs react to an increase in Hi cloud pres-
sure due to galaxy collisions. Using analytical calculations,
they predicted cloud crushing and enhanced star formation
(see Section 3.1).

Elmegreen & Efremov (1997) proposed that all star clusters form
by the same mechanism, with the primary difference in initial condi-
tions being the external pressure affecting nascent molecular clouds.
They suggest that globular clusters form in high-pressure environ-
ments, where the SFE is higher due to confinement. This result is
similar to our findings; however, we find that a sudden increase
in external pressure directly increases the fragmentation rate of
the cloud, instead of simply preventing mass-loss due to stellar
feedback.

On galactic scales, Krumholz, McKee & Tumlinson (2009) sug-
gested an explanation for the break in the star formation law (i.e. the
proportionality between Xspr and Xg,) in galaxies based on exter-
nal confinement of star-forming regions in dense environments. In
this model, the high pressure of ambient galactic disc medium at
large surface densities enhances star formation and leads to a steeper
slope of the KS law than in lower density systems. Although our
simulations are not detailed enough to make predictions regarding
the KS law, the results are consistent with this picture, except that
we do not necessarily require high surface densities, merely the
presence of an external pressure compressing the cloud.

6.5.2 Radiatively driven implosion

Several aspects of our model are similar to radiation-driven implo-
sion (RDI; Bertoldi 1989). This process has been investigated in
great detail (Klein, Sandford & Whitaker 1980; Kessel-Deynet &
Burkert 2003; Dale, Clark & Bonnell 2007b; Bisbas et al. 2011).
Gas can be strongly compressed by either ionizing radiation from
massive stars, passage of supernova shells or both; molecular cloud
fragmentation and star formation are enhanced as a result. Although
we model a different kind of external pressure ( almost isotropic and
constant in time instead of directed and rapidly changing), the main
result of increased pressure resulting in increased fragmentation
rate is the same in both cases.

It is important to note that the observational evidence of RDI is in-
conclusive. Some molecular cloud surveys suggest that clouds with
an increased star formation rate (compared with the background
level) are affected by either passages of supernova shells (Preibisch
& Zinnecker 1999) or ionizing radiation from nearby stellar clusters
(Sugitani et al. 1989; Sugitani, Fukui & Ogura 1991; Sugitani &
Ogura 1994). The locations of intermediate- and low-mass stars in
OB associations are consistent with their formation being triggered
by the radiation of massive stars (Lee & Chen 2007). On the other
hand, recent large surveys of young stellar objects located around
infrared bubbles suggest that star formation on the edges of those
bubbles is triggered by the collect-and-collapse model instead of
RDI (Kendrew et al. 2012; Thompson et al. 2012). Despite these
issues, it seems clear that RDI can enhance star formation in some
environments and is a physically sound mechanism similar to our
model.
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6.6 Possible improvements to the model

In this paper, we are only interested in the basic dynamics, collapse
and fragmentation of a turbulent cloud. Therefore, we purposefully
neglected many physical processes that are relevant for the details
of cloud evolution. We mentioned some of them, particularly stellar
feedback, above; here, we describe the other improvements we plan
to make in future.

6.6.1 Gas equation of state

The models presented in this paper use a heating—cooling function
which includes most relevant processes. However, heating from pro-
tostars, both ionizing and non-ionizing, is not accounted for. Such
heating can significantly change the mass function of stars (Bate
2009) and shut off further accretion and fragmentation after several
Myr. We hope to expand our simulations with inclusion of these
feedback mechanisms (radiative heating, photoionization, radiation
pressure and stellar winds) in order to more properly simulate the
properties of the star clusters forming in pressurized clouds.

6.6.2 Initial conditions and model scale

‘We make several simplifying assumptions both regarding the cloud
and the ISM. First of all, we assume a uniform initial density of
the cloud. Although turbulent velocities create an uneven density
distribution very rapidly, more fundamental differences remain un-
explored. In particular, a cloud with a p oc R~? density profile is
more likely to form stars in the central regions. The confining effect
of external pressure would remain, but triggering and acceleration
of fragmentation would be mitigated. On the other hand, clouds
with smoother boundaries are more stable against disruption due
to shear (Nakamura et al. 2006) and would presumably be able to
fragment for longer without dispersing.

Real molecular clouds have more complex density profiles. Ide-
ally, the simulation should follow the molecular cloud assembly
as well, because clouds exchange material with their surroundings
throughout their ~5-20 Myr lifetimes (e.g. Bournaud et al. 2014;
Dobbs & Pringle 2013). In order to follow this process, the simula-
tion volume should encompass a region of linear size / ~ 100 pc,
so that the assembly and evolution of a whole cloud complex can
be followed (Wilson et al. 2003).

The hot ISM should also be implemented in a more realistic way,
with turbulent motions and uneven evolving density structure. More
importantly, the passage of the ISM shock around the cloud and its
H1 envelope can have different effects from those of the uniform
ISM, even though the time for the ISM to envelope the cloud is
much shorter than the cloud-crushing time-scale.

Eventually, we plan to run a simulation tracking a significant
part of the whole galaxy. Such a simulation would allow for self-
consistent formation of molecular clouds and driving of the AGN
outflow (or any other process which generates increased external
pressure). Unfortunately, at this scale, a feasible simulation would
have a mass resolution of the order of 10* Mg or worse, preventing
one from investigating the details of cloud evolution. A balanced
approach, combining insights from detailed small-scale simulations
with the galactic context gleaned from large-scale models, is needed.

6.6.3 Driving of turbulence
Currently, turbulent velocities are only implemented in the initial

conditions of the models. This leads to a decay of turbulent power
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on the dynamical time-scale of the cloud; this is a common fea-
ture of similar models (see e.g. Bate et al. 2003). Therefore, our
results become unrealistic after at most one dynamical time inde-
pendently of any other numerical inaccuracies. The decaying tur-
bulence leads to an increase in fragmentation rate, especially in the
uncompressed high-turbulence model (t10T5). Both star formation
feedback (Krumholz, Matzner & McKee 2006) and accretion of
external material (Klessen & Hennebelle 2010) maintain turbulent
motions within the cloud, and both processes probably have simi-
lar relative importance (Goldbaum et al. 2011), so these processes
should be included in more long-term simulations.

6.6.4 Numerical accuracy

We used sink particles in our simulations partly for convenience of
analysis and partly in order to speed up the calculations. To test the
importance of this approximation, we ran a simulation identical to
t4T5, but without sink particles. We find that the global evolution of
the cloud is identical between the two runs, but the model without
sink particles retains more structure in the dense clumps than the
sink particle cluster in t4T5. We conclude that the presence of sink
particles does not affect our overall conclusions.

We also ran a simulation at higher resolution, using N = 4 x 10°
particles instead of 10°. As expected, we find more small-scale
clumps and filaments in the higher resolution model. The first sink
particles appear slightly later, at = 1.32 Myr instead of 1.26 Myr.
Overall, there is very little difference in the large-scale cloud evolu-
tion. Therefore, we conclude that our simulations are numerically
converged.

The choice of hot-phase ISM density of 1 cm™ is motivated
by numerical considerations: higher density leads to more particles
in the ISM and higher computational costs, while lower density
reduces resolution and can lead to unwanted low-particle-number
effects. Higher ISM temperature may lead to cloud evaporation
on time-scales comparable to fragmentation (see Section 6.3), but
otherwise there should be no physical difference between pres-
sure caused by a high-density ISM and a proportionately more dif-
fuse, but hotter, ISM. Nevertheless, we intend to check for possible
numerical differences in the future.

7 CONCLUSION

In this paper, we presented results of numerical simulations follow-
ing the collapse and fragmentation of spherical turbulent molecular
clouds under different external ISM pressures. Our idealized initial
conditions contain spherical clouds with mass 10° Mg, radius 10 pc
and uniform density. Each cloud gas has an initial turbulent veloc-
ity spectrum with characteristic velocity of either 4 or 10 km s~ to
mimic self-gravitating and gravitationally unbound clouds, respec-
tively. The ambient ISM pressure is either Pisyy = 10° or 107 K
cm3; the lower value is similar to typical ISM pressures and does
not affect cloud evolution, while the higher one significantly com-
presses the cloud. We consider the effects of pressure upon static
and rotating clouds, as well as clouds moving with various lateral
velocities w.r.t. the surrounding ISM.
The main results are as follows.

(i) The compressed clouds collapse and fragment much more
rapidly and efficiently than the uncompressed ones. The ra-
tio between the times of comparable evolutionary state, i.e.
the effective dynamical times of the uncompressed and com-
pressed systems, is larger than the analytically predicted 7}, /fay, =
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(1 + P/ Pa)~"/?. The difference arises due to instabilities which
follow behind the shockwave into the compressed clouds, enhance
the density contrasts there and thus promote faster fragmentation.
This result shows that external pressure can both accelerate star
formation by compacting the cloud, and trigger star formation by
promoting density contrasts.

(ii) The fragmentation rate in the cloud rapidly attains a constant
value. This value, and presumably the corresponding star formation
rate, is approximately linearly proportional to the total (virial plus
external) pressure affecting the cloud. This proportionality can be
used in subgrid models in larger simulations, thus accounting for the
effects of increased ambient pressure around star-forming regions.

(iii) Even high turbulence is unable to withstand the external pres-
sure. The compressed clouds evolve in an almost identical fashion
despite the difference in characteristic turbulent velocity. This con-
firms that external pressure can trigger star formation in regions that
would otherwise have dispersed. Furthermore, it shows that external
compression can confine clouds that would be destroyed by stellar
feedback and allow for star formation to continue even after the first
massive stars heat up the cloud.

(iv) Cloud rotation changes the morphology of the forming sink
particle cluster, but not the time evolution of the fragmentation rate
or fragment mass.

(v) The shearing motion of the cloud w.r.t. the surrounding ISM
has a number of small effects. The cloud is ablated and progres-
sively destroyed, reducing the final mass of the star cluster. Shear
affects the shockwave driven into the cloud in compressed models,
and can create a shockwave in uncompressed ones, provided that
the shear velocity is large enough. The location of most vigorous
fragmentation is affected by shear differently for different models:
uncompressed clouds experience more fragmentation in the leading
side, while compressed clouds fragment in the trailing part.

(vi) The sink particle clusters forming in compressed clouds are
slightly more bound, more compact and more massive than those
forming in the uncompressed clouds. This suggests that clusters
formed in compressed clouds are more likely to survive as bound
objects.

All together, these results indicate that external pressure has a
strong effect on the evolution of cold-phase ISM and star formation.
Not only passing shock fronts (such as supernova shells), but also
large-scale isotropic pressure is important and should be included in
models of galaxy evolution. More quantitative predictions require
larger and more detailed simulations, which we plan to perform in
the future.
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